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Abstract

Lead ion (Pb?*) contamination poses a severe and persistent threat to environmental safety and human
health, demanding ultrasensitive and selective detection strategies. Herein, we fabricate a carboxyl-
functionalized black phosphorene modified surface plasmon resonance sensor (SPR+BP-COOH) with
built-in electric field enhancement for attomolar-level and highly selective Pb?+ detection. The Au/BP-
COOH junction generates a strong interfacial built-in electric field, which markedly strengthens near-field
electromagnetic coupling and amplifies the SPR optical response, thereby significantly boosting
detection sensitivity. Meanwhile, abundant oxygen-containing sites on BP-COOH enable efficient and
specific adsorption of Pb?+. Impressively, this sensor achieves an ultralow detection limit of 10 M, 13
orders of magnitude lower than that of bare Au-SPR, and exhibits outstanding selectivity against Cd?*,
Cu?*, Zn?*, Ni?*, Ca?*, and Mg?*. This label-free and straightforward platform provides a reliable route for
ultratrace heavy-metal monitoring in environmental and food-safety applications.

Introduction

Lead contamination remains a persistent environmental and public-health concern. Recent high-level
assessments have shown that toxic metal pollution has become a global threat to agricultural
sustainability, food safety, and human health [1-3]. Importantly, the risk is not limited to heavily polluted
scenarios. Recent evidence indicates that even when heavy-metal concentrations in food formally satisfy
existing regulatory thresholds, the corresponding dietary intake may still impose non-negligible health
risks [4]. Within this broader context, Pb2* remains particularly concerning because of its persistence
across water—soil-food systems, its continuing exposure burden in modern populations, and its well-
established toxicity to neurological and developmental health [5-7]. These considerations continue to
motivate the development of analytical strategies capable of identifying Pb2* at extremely low
concentrations.

A central difficulty in Pb2* monitoring is that environmentally relevant exposure may arise from long-term,
low-level, and mixed-source conditions rather than only from highly contaminated samples. Recent work
on chemical exposure through drinking water has further emphasized that analytical monitoring must
increasingly address low-abundance contaminants in complex exposure pathways [8]. For Pb2+, this
requirement places particular pressure on sensing platforms to combine high sensitivity with simple
operation and reliable interfacial readout. In practice, a desirable Pb?* sensor should not only provide a
low limit of detection, but should also maintain a direct and interpretable signal-transduction mechanism
on a stable sensing interface.

Substantial progress has been made in Pb2* sensing over the past decade. Fluorescent probes,
colorimetric platforms, electrochemical sensors, and photoelectrochemical strategies have all been
developed to improve sensitivity through molecular recognition and signal amplification [9-13].
Fluorescence-based methods offer convenient optical readout and have reached low concentration
regimes through probe engineering. For example, a single-labeled fluorescent oligonucleotide probe
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enabled Pb?* detection down to 96 pmol/L, whereas a peptide-based ratiometric fluorescent probe
reported a limit of detection of 3.8 nM [9,10]. Electrochemical and photoelectrochemical approaches can
be pushed further when coupled with DNAzyme cleavage or amplification cascades. A single-step
DNAzyme electrochemical sensor achieved a limit of detection of 1.26 fM, and a homogeneous dual-
amplification electrochemical biosensor further reported 16.7 fM Pb?* analysis, while a recent DNAzyme-
assisted photoelectrochemical platform operated at 16.67 pmol/L [11-13]. These studies clearly
demonstrate that ultra-trace Pb?* analysis is achievable. However, many of these platforms rely on
labels, multistep reaction schemes, or amplification modules that are not intrinsic to the sensing
interface itself. For a conventional optical platform that reads out surface events directly and in real time,
achieving such low concentration detection remains substantially more challenging.

Surface plasmon resonance (SPR) is especially attractive in this regard because it provides a label-free
method for converting local refractive-index perturbations at a metal interface into measurable optical
signals [14-16]. Since the first demonstration of SPR sensing in the early 1980s [14], and its subsequent
development into a widely used analytical technology [15], prism-coupled SPR has become a central tool
for interfacial analysis in chemistry, biology, and materials science. A recent authoritative primer further
emphasized that prism-coupled SPR remains the most broadly used configuration for in situ monitoring
of thin films, molecular adsorption, and interfacial interactions [16]. These features are directly relevant
to metal-ion detection because they allow the sensing event to be read from the interface itself, without
fluorescent tags or electrochemical mediators.

Despite these advantages, bare-Au SPR remains intrinsically challenged for Pb?+ sensing. The first
challenge is physical: small ions induce only weak interfacial refractive-index perturbations, so the
corresponding resonance-angle shift is often limited at low concentration. The second challenge is
chemical: if the metal surface lacks favorable binding sites, the interfacial response to Pb?+ can remain
weak and insufficiently differentiated from that of other ions. Existing Pb?* SPR studies have partially
addressed these issues through DNAzyme-assisted recognition, nanoparticle conjugation, or alternative
assay configurations [17-19]. For example, a label-free SPR sensor based on DNAzyme—gold
nanoparticle conjugates reported an 80 pM detection limit, and an SPR-based assay kit achieved 1 nM
detection, whereas a fiber-based SPR configuration operated at approximately 4.8 x 10-° M [17-19].
Earlier amplified SPR work based on a Pb?+-dependent DNAzyme and a hemin/G-quadruplex label
reported 5 fM detection, but this relied on an amplification strategy rather than a simple direct interfacial
design [20]. Together, these studies improved SPR performance, but they also illustrate the general
difficulty of pushing a SPR platform toward ultra-trace Pb?* detection while preserving structural
simplicity. In particular, the concentration regimes accessible to reported Pb2* SPR systems still remain
substantially higher than those reached by highly amplified electrochemical routes [11,12].

One promising way to overcome this limitation is to engineer the plasmonic interface with an ultrathin
functional layer. In this strategy, the overlayer is expected to do more than simply decorate the surface. It
should simultaneously amplify the effective optical perturbation experienced by the plasmonic field and
provide chemically favorable sites for target binding. Two-dimensional materials are appealing in this
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context because they combine atomic-to-nanoscale thickness, high surface exposure, and tunable
interfacial chemistry, and recent analyses of 2D material-based SPR biosensors further underscore the
value of such ultrathin interfacial layers for sensitivity enhancement [21,27]. Representative recent
studies have also shown that highly active 2D recognition surfaces can enable attomolar-level metal-ion
detection when the interfacial chemistry is appropriately designed [22,23]. These advances underscore
an important principle: the sensing limit is not determined only by the transducer itself, but also by how
efficiently the interface converts analyte binding into an optical or electrical perturbation.

Among the available 2D materials, BP is especially attractive for plasmonic sensing because of its
distinctive electronic structure and strong surface sensitivity [24,25]. Since its emergence as a 2D
electronic material with unusual optoelectronic properties [24], BP has been widely recognized as a
promising platform for sensing applications [25,28]. At the same time, its practical use depends strongly
on interfacial regulation. BP is chemically reactive and prone to degradation under ambient conditions,
so protective or functional surface chemistry is often essential for stabilizing the material and making its
reactivity analytically useful [26]. In the SPR field, previous studies have already suggested that few-layer
BP can improve angular sensitivity by modifying the interfacial optical field and coupling characteristics
[27,29]. More recent progress in solution-processable 2D material inks also supports the broader
feasibility of constructing functionalized ultrathin 2D interfaces for device applications [30]. Together,
these developments make BP a strong candidate for building an SPR interface that is both optically
responsive and chemically addressable.

Here, we construct a built-in electric field-enhanced SPR + BP-COOH by directly stacking a BP-COOH
functional layer onto a prism-coupled Au-film SPR platform. In this design, the BP layer is intended to
enhance the angular SPR response, while the oxygen-containing chemical environment of the BP-COOH
functional layer provides favorable interfacial sites for Pb?* interaction. Unlike recognition strategies that
depend on DNAzymes, labels, or multistep amplification reactions, this structure retains the simplicity of
a bare-Au SPR platform while directly engineering the sensing interface itself. Under the same sensing
framework, the limit of detection for Pb?* reaches 10-"° M for the proposed built-in electric field-
enhanced SPR + BP-COOH, whereas bare-Au SPR detects Pb?* only down to 10-¢ M. This study develops
a simple yet effective modification route, which advances SPR sensing for ultratrace Pb2* monitoring.

Results

Interfacial structure and proposed Pb?* recognition pathway of SPR + BP-COOH. As illustrated in Fig. 1,
a SPR sensor modified with BP-COOH was constructed by depositing a BP-COOH functional layer onto a
prism-coupled Au film. The BP-COOH nanosheets were obtained by liquid-phase exfoliation of bulk BP
followed by PEI/PAA functionalization, which introduced oxygen-containing surface groups to the
nanosheet interface. In the resulting SPR + BP-COOH structure, the BP-COOH functional layer serves as
the recognition-active interface, while the underlying Au film serves as the plasmonic transduction layer.
According to the schematic shown in Fig. 1, carboxylate O sites are expected to be the major interaction
sites for Pb2*, whereas oxidized P—0 sites may provide an auxiliary contribution.
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On this basis, the selective interaction mechanism of Pb?* at the BP-COOH interface can be described by
the following interfacial reactions:

BP-COOH = BP-COO- + H* (1)
2(BP-CO0-) + Pb2* = (BP-CO0),Pb (2)

These equations are used here to describe a plausible oxygen-site-mediated interfacial pathway for BP-
COOH. A related mechanistic logic has been discussed for Pb(ll) uptake on other oxygen-containing two-
dimensional surfaces, where hydroxyl-related ion-exchange behavior was considered, the surface
process was written in explicit reaction form, and the corresponding XPS results were consistent with
strong Pb interaction with O-containing sites [31]. Although the surface chemistry in that system is
different from that of BP-COOH, this provides one useful basis for expressing the present Pb?+
interaction in reaction form. Under this proposed pathway, Pb?* interaction with the BP-COOH functional
layer perturbs the local interfacial refractive index and leads to a resonance-angle shift in the SPR
response, as schematically shown in Fig. 1.

To examine the structural basis and chemical plausibility of this proposed oxygen-site-mediated
pathway, the SPR + BP-COOH interface was characterized before and after Pb?* exposure by AFM, STEM
image, EDS elemental maps, and XPS. As shown in Fig. 2a, AFM confirms that the Au surface is covered
by an ultrathin BP-COOH functional layer with a thickness of approximately 13 nm, which was used as
the representative structure in the main-text sensing experiments. Before Pb2* exposure, the STEM
image in Fig. 2b together with the EDS elemental maps in Fig. 2c—f shows the presence of C, O and P on
the nanosheet-covered region, while no obvious Pb signal is detected. After Pb2+ exposure, the
nanosheet-covered morphology is retained in Fig. 2g, and the corresponding EDS elemental maps in

Fig. 2h—k show the coexistence of C, O, P and Pb, indicating that Pb-containing species are present on
the BP-COOH-modified interface.

The XPS results in Fig. 2I, m further support this interfacial evolution. Before reaction, the O 1s spectrum
contains P-0 and O = C—0 components, while the C 1s spectrum shows C-C, C-0 and O =C-0
contributions, consistent with the presence of the BP-COOH functional layer on the Au surface. The P 2p
region is located in the range of oxidized phosphorus species, and the Au 4f doublet from the underlying
Au film remains clearly visible. No obvious Pb 4f signal is observed before Pb2* exposure. After reaction,
the C 1s spectrum remains dominated by C-C, C—0 and O = C-0 components, indicating that the BP-
COOH functional layer is preserved, whereas the O 1s spectrum shows an additional Pb—0O-related
component together with the original P-0 and O = C-0 signals. At the same time, a distinct Pb 4f
doublet assigned to Pb 4f5/, and Pb 4f,/, appears after reaction. The P 2p envelope remains mainly
associated with oxidized phosphorus species before and after Pb2+ exposure. Taken together, the
emergence of Pb in the EDS elemental maps, the appearance of Pb 4f, and the Pb—0-related component
in O 1s are consistent with Pb2* interaction with oxygen-containing sites in the BP-COOH functional layer.
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Overall, Fig. 1 and Fig. 2 are used together to clarify the interfacial structure and proposed recognition
mechanism of SPR + BP-COOH. Figure 1 defines the architecture of the sensing interface and gives a
chemically reasonable description of Pb2+ interaction at oxygen-containing sites, whereas Fig. 2 provides
morphological, elemental and chemical-state evidence that the BP-COOH functional layer is successfully
formed on the Au film and undergoes corresponding interfacial changes after Pb2* exposure. These
results establish the structural and mechanistic basis for the subsequent analysis of sensitivity
enhancement and Pb2* sensing performance.

Optical basis and physical interpretation of sensitivity enhancement by the BP overlayer. To clarify the
optical basis for the improved sensing performance of SPR + BP-COOH, the angular SPR responses of
the Au-film structure with and without a BP overlayer were simulated by the transfer matrix method
(TMM) [32], and the detailed calculation parameters are provided in Methods. As shown in Fig. 33, b,
when the refractive index of the sensing medium increases from nll = 1.330 to 1.350, the reflectance
minima of both structures shift toward larger incident angles. However, after introducing the BP layer, the
resonance-angle displacement becomes markedly larger. For the bare-Au SPR structure with L = 0, the
simulated resonance dips exhibit a relatively limited angular shift over this refractive-index range

(Fig. 3a). In contrast, for the BP-modified structure with L = 8, the resonance-angle shift becomes much
more pronounced under the same refractive-index variation (Fig. 3b), indicating that the BP overlayer can
amplify the angular response of the SPR system to interfacial refractive-index perturbation. The layer-
number dependence of this behavior is summarized in Fig. 3e. With increasing layer number, both the
simulated angular sensitivity and the total resonance-angle shift first increase and then decrease. The
angular sensitivity increases from 140 deg/RIU for bare-Au SPR to 265 deg/RIU at L = 8, while the
corresponding angle shift also reaches its maximum in the same range. When the layer number is
further increased, the response begins to decline, indicating that the effect of the BP overlayer is
thickness dependent rather than monotonically increasing.

The corresponding near-field response is shown in Fig. 3c, d. The normalized electric-field intensity
distribution was calculated at nll = 1.33. For L = 0, the field intensity reaches its maximum near the
Au/sensing-medium interface (Fig. 3c). For L = 8, the peak field intensity becomes higher and the high-
field region near the interface becomes more pronounced (Fig. 3d). These results indicate that the
stronger angular response of the L = 8 structure is accompanied by a more pronounced interfacial near-
field enhancement.

The physical origin of this enhanced near-field response is schematically summarized in Fig. 4. As
illustrated in Fig. 4a,b, the introduction of BP changes the interfacial optical environment of the Au-film
SPR structure. BP possesses a relatively high refractive index over a broad spectral range, and its
introduction onto the Au surface creates a stronger dielectric contrast at the plasmonic interface. Under
this condition, the effective mode volume of the evanescent field is compressed, and the
electromagnetic field becomes more strongly localized near the sensing interface. In addition, the
multilayer structure of BP introduces interlayer coupling, which further enhances optical confinement
and contributes to a stronger near-field response than that of the Au/sensing-medium structure.
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A second contribution is illustrated in Fig. 4c, d. Because Au and BP have different work functions,
contact between the two components can drive directional interfacial charge redistribution. This process
leads to the formation of a built-in electric field at the Au/BP interface, which can further strengthen local
electromagnetic coupling near the sensing region. In this sense, the role of BP in improving SPR
sensitivity is not limited to adding an ultrathin overlayer, but also involves interfacial regulation of the
local field environment. BP also exhibits a high carrier mobility, reported up to approximately 103
cm?/(V-s) at room temperature [24], which is favorable for efficient interfacial charge response. Taken
together, the high-index confinement effect, multilayer coupling effect, and interfacial charge-transfer
effect provide a physically reasonable interpretation for the stronger near-field response observed in

Fig. 3d.

Experimental results further verified the sensitivity-enhancement trend revealed by the simulation (Fig.
S1). For bare-Au SPR, the reflectance curves shift with increasing refractive index over nll = 1.3320,
1.3385, 1.3435, 1.3472 and 1.3530, and linear fitting gives an angular sensitivity of 132 deg/RIU (Fig.
S1a, c). After formation of the 13 nm BP-COOH functional layer, the resonance-angle displacement
becomes clearly larger over the same refractive-index range, and the corresponding angular sensitivity
increases to 281 deg/RIU (Fig. S1b, c). Thus, the experimental results show the same enhancement
trend as the simulation results.

Taken together, Fig. 3, Fig. 4 and Fig. S1 show that introducing the BP overlayer strengthens the
interfacial optical response of the Au-film SPR structure to refractive-index variation. The simulation
results establish the sensitivity-enhancement trend, the schematic in Fig. 4 provides a physical
interpretation of the enhanced near-field response, and the refractive-index experiments verify the same
trend experimentally. These results provide the optical basis for the subsequent improvement in Pb?*
sensing performance observed for SPR + BP-COOH.

Pb2+ sensing performance and specificity of SPR + BP-COOH. The Pb?* sensing performance of SPR +
BP-COOH is summarized in Fig. 5. As shown in Fig. 5a, when the Pb2* concentration increases from 0 to
10-'5 M, the angle-scanned reflectance curves of SPR + BP-COOH exhibit clear and concentration-
dependent resonance-angle shifts over the entire tested range. Notably, a distinguishable response is
already observed at 10-"° M. In contrast, the corresponding bare-Au SPR curves remain unresolved
within the same low-concentration range, indicating that the introduction of the BP-COOH functional
layer markedly extends the detectable Pb2* concentration regime toward much lower concentrations. On
the basis of distinguishable reflectance curves, the LOD of SPR + BP-COOH reaches 10-"° M.

The concentration dependence of the resonance-angle response is further summarized in Fig. 5b. For
SPR + BP-COOH, the resonance-angle shift AB increases monotonically with increasing Pb2+
concentration, and the fitted curve clearly extends into the ultralow-concentration regime. Under the
same sensing framework, bare-Au SPR only begins to show distinguishable Pb2* responses at much
higher concentrations, and its LOD is 10-° M. The corresponding angle-scanned reflectance curves and
fitting results for bare-Au SPR are provided in Fig. S5. Therefore, relative to bare-Au SPR, the BP-COOH
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functional layer shifts the detectable Pb2* concentration regime by 13 orders of magnitude on the same
optical platform.

To further examine the reliability of this ultralow-concentration response, several control and validation
experiments were performed. First, after deposition of the BP-COOH functional layer, repeated
measurements of pure water at 2 min intervals show that the reflectance curves remain nearly
unchanged, with instrumental fluctuation within 20 mdeg (Fig. S11). This indicates that the low-
concentration angle shifts observed in Fig. 5a are beyond the instrumental drift range. Second, repeated
measurements performed on the same 13 nm SPR + BP-COOH structure again show distinguishable
Pb2* responses at 10-"° M, and the corresponding AB—concentration relationship remains monotonic
(Fig. S2). Third, different-thickness validation using an approximately 11 nm SPR + BP-COOH structure
also retains a distinguishable response at 10-'° M (Fig. S3). These results together support the
robustness of the 10-'* M Pb?* response in the present sensing strategy.

The specificity of SPR + BP-COOH was further evaluated by comparing its responses to other divalent
metal ions. As shown in Fig. 5b, the round symbols correspond to the A8 values of SPR + BP-COOH for
different ions, whereas the square symbols represent the bare-Au SPR response to Pb2+*. Among all
tested ions, Pb2* exhibits the lowest distinguishable concentration. The LODs for the other metal ions are
107" M for Cd?*, 10-"® M for Cu?*, 10-"2 M for Zn?*, 10-'° M for Ni2*, 10-° M for Ca?*, and 10~ M for Mg?*.
Thus, although SPR + BP-COOH also responds to these ions at sufficiently high concentrations, its
response to Pb?* appears in a substantially lower concentration regime than those of Cd?*, Cu?*, Zn?+,
Ni2*, Ca2?*, and Mg?* under identical measurement conditions. The corresponding angle-scanned
reflectance curves and nonlinear fitting results for Cd?+, Cu?*, Zn?*, Ni?*, Ca2*, and Mg?* are provided in
Figs. S5-10.

The detailed A6 values for SPR + BP-COOH at different ion concentrations are listed in Fig. 5c. These
data further show that the Pb?* response is initiated at much lower concentration than the responses to
the other tested ions, in agreement with the fitted trends in Fig. 5b. Taken together, Fig. 5 establishes the
sensing performance of SPR + BP-COOH from three aspects. First, SPR + BP-COOH enables
distinguishable Pb?* detection down to 10-"® M, whereas bare-Au SPR only reaches 10-¢ M. Second, this
ultralow-concentration response is supported by instrumental-stability control, repeatability on the same
13 nm structure, and different-thickness validation. Third, the detectable concentration regime for Pb2+
remains markedly lower than those of Cd?*, Cu?*, Zn?*, Ni?*, Ca?*, and Mg?*, demonstrating the specificity
of the BP-COOH functional layer toward Pb2*+ within the present sensing system.

Comparison with representative Pb?* sensing strategies. To position the present sensing performance
in the context of reported Pb?* detection technologies, the LOD of SPR + BP-COOH was compared with
representative studies from four categories, including SPR sensors, fluorescent probes,
colorimetric/LSPR probes, and electrochemical/PEC biosensors, as summarized in Fig. 6. Within the
representative SPR studies, previously reported LODs span from 4.8 x 10° M to 5.0 x 10-"% M, including
4.8 x 10-° M for a fiber-based SPR sensor [19], 8.0 x 10" M for a label-free SPR platform based on
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DNAzyme-gold nanoparticle conjugates [17], and 5.0 x 10-'5 M for an amplified SPR format using a Pb?*-
dependent DNAzyme and a hemin/G-quadruplex label [20]. Representative fluorescent probes reported
LODs of 4.8 x 108 M, 9.6 x 10-'* M, and 3.8 x 10-° M [9,10,33]. Representative colorimetric/LSPR probes
reported LODs in the range of 1.0 x 10-7 to 2.4 x 10-'2 M [18,34-37]. Representative electrochemical and
PEC biosensors further reached 1.5x 10" M, 1.67 x 10-'* M, 1.26 x 10" M, 1.67 x 10" M, and 7.0 x
10-"7 M, respectively [11-13,38,39].

Against this representative literature background, the LOD of SPR + BP-COOH reaches 10-'° M, placing
the present work in a distinctly lower concentration regime than the compared SPR, fluorescent,
colorimetric/LSPR, and electrochemical/PEC reports shown in Fig. 6. This comparison is notable
because the present platform is still based on a prism-coupled Au-film SPR configuration rather than on
multistep amplified electrochemical readout. In other words, the performance gain is achieved by direct
interfacial engineering of the sensing layer on a traditional SPR platform. Together with the results in
Fig. 1-4, this comparison shows that the BP-COOH functional layer enables a substantial extension of
the detectable Pb2* concentration regime while retaining the label-free optical readout format of SPR.

Discussion

In summary, we constructed a surface plasmon resonance sensor modified with carboxyl-functionalized
BP (SPR + BP-COOH) and demonstrated its ultralow-concentration Pb?* sensing capability on a prism-
coupled Au-film SPR platform. The BP-COOH functional layer provides oxygen-containing interfacial sites
for Pb2+ interaction, while also enhancing the optical response of the SPR interface. This combination is
supported by the interfacial characterization, the simulation results, and the refractive-index-dependent
experimental response. As a result, SPR + BP-COOH enables distinguishable Pb2* detection down to
10-"° M, whereas bare-Au SPR only reaches 10-¢ M under the same sensing framework.

In addition to the markedly extended detectable concentration regime, SPR + BP-COOH also exhibits a
substantially lower response range for Pb2* than for Cd?*, Cu?*, Zn?*, Ni2*, Ca?*, and Mg?*. The
instrumental-stability test, repeated measurements on the same 13 nm structure, and different-thickness
validation further support the reliability of this sensing strategy. Overall, this work shows that direct
interfacial engineering with a BP-COOH functional layer can substantially improve the performance of
conventional label-free SPR for Pb?* detection. These results provide a simple route for extending
traditional Au-film SPR toward ultratrace heavy-metal-ion sensing.

Methods
Materials

Carboxyl-functionalized BP (BP-COOH) was purchased from Xi'an Ruixi Biological Technology and used
as the sensing material. Pb, Cd, Cu, Zn, Ni, Ca and Mg standard single-element solutions were used for
ion sensing experiments. The Pb standard solution was GSB 04-1742-2004 (1000 pug/mL, c(HNO;) =1.0
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mol/L). The Cd, Cu, Zn, Ni, Ca and Mg standard solutions were GSB 04-1721-2004, GSB 04-1725-2004,
GSB 04-1761-2004, GSB 04-1740-2004, GSB 04-1720-2004 and GSB 04-1735-2004, respectively, all with
a standard value of 1000 pg/mL in c(HNO,) = 1.0 mol/L medium. Pure water was used for sample
preparation and sensing measurements. Unless otherwise specified, all experimental procedures were
carried out in a clean laboratory.

Preparation of BP-COOH

Commercial BP-COOH was obtained from Xi'an Ruixi Biological Technology, and its preparation route is
described as follows. BP nanosheets were prepared by liquid-phase exfoliation. Specifically, 5 g NaOH
was added into 50 mL anhydrous N-methyl-2-pyrrolidone (NMP) and sonicated in a water bath at 180 W
for 30 min to obtain alkalized NMP. Bulk BP crystals were then dispersed into the alkalized NMP solution
and ultrasonicated at 500 W in an ice bath using a pulse sequence of 3 s on and 3 s off, while the probe
temperature was kept below 40°C. The sonication was continued for 8—10 h. The resulting dispersion
was first centrifuged at 4000 rpm at 4°C for 10 min, and the supernatant was collected. The collected
supernatant was then centrifuged at 13200 rpm at 4°C for 15-20 min, and the precipitate was collected
as BP nanosheets.

For carboxyl functionalization, the concentration of the BP nanosheet dispersion was adjusted to 1
mg/mL. Then, 2.5 mg PEI aqueous solution (500 pL) was added, and the mixture was stirred at 500 rpm
in a brown bottle under light protection overnight to obtain amino-functionalized BP nanosheets.
Subsequently, 2 mL poly(acrylic acid) (PAA, molecular weight 5000, 50%) was adjusted to approximately
pH 7.0 by adding 5 mol NaOH stepwise under pH-meter monitoring, and then added dropwise into the
above dispersion under magnetic stirring. The mixture was further stirred at room temperature for 6 h,
followed by centrifugation, washing with water 2—3 times, and redispersion in deionized water to obtain
BP-COOH. A freeze-drying protectant was then added at 20 times the mass of the BP nanosheets. The
resulting dispersion was frozen at - 80°C for 24 h and then freeze-dried for 72 h.

Fabrication of SPR + BP-COOH

BP-COOH was stored at - 20°C under light protection before use. For sensing experiments, 0.0001 g BP-
COOH was dispersed in 1 mL pure water in the clean laboratory and sonicated in an ice-water bath for
480 s. The dispersion was freshly prepared before use.

The SPR substrate consisted of a 50 nm Au film with a 5 nm Cr adhesion layer. Before use, the Au-coated
chip was rinsed once with ethanol, once with pure water and once again with ethanol. For fabrication of
SPR + BP-COOH, 0.5 mL of the freshly prepared BP-COOH dispersion was drop-cast onto the Au film and
dried naturally at 25°C in the clean laboratory. The main-text 13 nm structure and the 11 nm structure
used for different-thickness validation were prepared in the same way, and the thickness difference
arose from deposition variation. During assembly of the SPR device, cedar wood oil (MACKLIN,
C805296) was used as the refractive-index-matching medium between the Au chip and the BK7 prism.
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SPR measurements

SPR measurements were performed on a Dynechem SPR system using 633 nm incident light at 25°C.
The angular scanning range was 65°-80°, and the angular step was 19-21 mdeg. For each
measurement, 400 pL of sample solution was introduced onto the sensing interface, and the signal was
collected after 30 s. The resonance-angle shift A8 was defined relative to pure water (0 M). The
instrumental fluctuation was within + 20 mdeg, determined from the maximum drift of repeated pure-
water measurements.

For the repeatability test, the same 13 nm SPR + BP-COOH structure was remeasured from pure water to
increasing Pb2* concentrations. For different-thickness validation, the same sensing procedure was
applied to the approximately 11 nm SPR + BP-COOH structure. For the bare-Au SPR control, Pb?+
solutions were measured directly on the Au film without BP-COOH deposition.

Preparation of ion solutions

All ion solutions were prepared in the clean laboratory. The purchased single-element standard solutions
were first converted to 10-2 M stock solutions and then diluted stepwise by a factor of 10 using pure
water to obtain the required concentration series. The pH of the test solutions remained at 6.3, and all
ions were measured under the same matrix conditions. For ultralow-concentration dilution, a new
container and a new pipette tip were used at each dilution step.

Definition of LOD

The LOD was defined as the lowest concentration at which the reflectance curve became distinguishable
beyond the instrumental drift range. When the response of the ion solution exceeded the instrumental
error range, that concentration was considered distinguishable and was taken as the LOD.

AFM characterization

AFM measurements were performed on a Bruker Dimension Icon instrument in ScanAsyst mode using a
SCANASYST-AIR probe. The probe was made of SiN and had a resonance frequency of 70 kHz, a tip
height of 2.5—-8 um, a typical curvature radius of 2 nm, a cantilever length of 115 pm, a cantilever
thickness of 0.65 pm, a width of 35 pm and a spring constant of 0.4 N/m. The scanning frequency was 1
Hz

XPS characterization

XPS measurements were performed on a ThermoFisher K-Alpha+ system using an Al Ka X-ray source.
The pass energy was 100 eV for survey spectra and 50 eV for high-resolution spectra. The chamber
pressure was 4.1E - 9 mBar before analysis and 3.9E - 7 mBar during analysis. Charge correction was
referenced to C 1s at 284.8 eV. Background subtraction was performed using the smart method.

Page 12/21



STEM-EDS characterization

STEM measurements were performed on a JEOL JEM-F200 transmission electron microscope operated
at 200 kV. The instrument was used at a high-resolution magnification up to 1.5 million. EDS analysis
was performed using a JEOL JED-2300T system.

Simulation

The optical response of the SPR structure was calculated by the transfer matrix method (TMM) [32]. The
incident wavelength was set to 633 nm. The refractive index of the BK7 prism was taken as 1.5151
[29,40]. The thickness of a single BP layer was taken as 0.53 nm, and its refractive index was taken as
3.5+0.01i [29,41]. The Au thickness was 50 nm, and its refractive index was calculated by the Drude
model as 0.1378 + 3.6195i [42]. The angular sensitivity was defined as the resonance-angle change
divided by the refractive-index change.
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Preparation of BP-COOH nanosheets, construction of built-in electric field-enhanced SPR+BP-COOH,
and schematic illustration of the proposed Pb?* recognition pathway. Bulk BP was exfoliated in NMP +
NaOH to obtain few-layer BP, followed by PEI/PAA functionalization to form BP-COOH nanosheets. The
BP-COOH nanosheets were then deposited onto the Au film to construct SPR+BP-COOH. The lower
schematic shows the proposed interaction of Pb?* with oxygen-containing sites in the BP-COOH
functional layer and the corresponding resonance-angle shift induced by interfacial refractive-index

change.
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Figure 2

AFM, STEM image, EDS elemental maps, and XPS characterization of the SPR+BP-COOH interface
before and after Pb%* exposure. (a)AFM image and height profile of the BP-COOH functional layer on the
Au film, showing a thickness of approximately 13 nm. (b) STEM image of the BP-COOH functional layer
before Pb2* exposure. (c—f) Corresponding EDS elemental maps of C, O, P, and Pb before Pb?* exposure.
(g) STEM image of the BP-COOH functional layer after Pb?* exposure. (h—k) Corresponding EDS
elemental maps of C, O, P and Pb after Pb2* exposure. (I) XPS spectra of O 1s, C 1s, Pb 4f, P 2p, and Au
4f before Pb?+ exposure. (m)XPS spectra of O 1s, C 1s, Pb 4f, P 2p, and Au 4f after Pb?* exposure.
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Simulated angular SPR response, electric-field distribution, and layer-number-dependent sensitivity of
the Au-film SPR structure with and without a BP overlayer. (a) Simulated angle-scanned reflectance
curves of bare-Au SPR with L = 0 at sensing-medium refractive indices nll = 1.330, 1.335, 1.340, 1.345,
and 1.350. (b) Simulated angle-scanned reflectance curves of the BP-modified SPR structure with L = 8
at sensing-medium refractive indices nll = 1.330, 1.335, 1.340, 1.345, and 1.350. (c) Normalized electric-
field intensity distribution of the bare-Au SPR structure with L = 0. (d)Normalized electric-field intensity
distribution of the BP-modified SPR structure with L = 8. (e) Simulated angular sensitivity and total
resonance-angle shift as a function of the number of BP layers.
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Figure 4

Schematic physical interpretation of BP-enhanced near-field response at the SPR interface. (a)
Schematic near-field distribution at the Au/sensing-medium interface, showing a relatively limited near-
field response. (b) Schematic near-field distribution after introduction of the BP overlayer, showing
enhanced field confinement and a stronger near-field response; interlayer coupling within the multilayer
BP structure is also illustrated. (¢) Schematic energy-level alignment of Au and BP before interfacial
charge redistribution, showing the work functions and band positions of the two components. (d)
Schematic interfacial charge-transfer process after Au/BP contact, showing the formation of a built-in
electric field and the resulting enhancement of local field coupling at the interface.
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Figure 5

Pb2* sensing response of SPR+BP-COOH and comparison with other metal ions and bare-Au SPR. (a)
Angle-scanned reflectance curves of SPR+BP-COOH measured for Pb?* concentrations of 0, 10-'°, 108,
10-77,10-"¢ and 10-'® M, together with the reflectance curve of bare-Au SPR. (b) Resonance-angle shift
AB as a function of metal-ion concentration for SPR+BP-COOH and bare-Au SPR. Round symbols
represent SPR+BP-COOH, square symbols represent bare-Au SPR, and solid lines represent nonlinear
fitting curves. (c) Resonance-angle shift A8 values of SPR+BP-COOH measured at different
concentrations of Pb2+, Cd?+, Cu?*, Zn?*, Ni?*, Ca2* and Mg?*.
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Figure 6

Comparison of the Pb?* LOD of this work with representative reports from four sensing categories. LOD
values from representative SPR sensors, fluorescent probes, colorimetric/LSPR probes, and
electrochemical/PEC biosensors are plotted on the concentration axis, together with the result of this
work. The corresponding references are [9-13,17-20,33—-39].
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