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ABSTRACT: Precise control of heterogeneous nucleation at inorganic interfaces is essential for constructing uniform multicomponent
nanostructures but remains challenging because nucleation is highly sensitive to local surface chemistry. Here, we demonstrate a ligand-
programmed interfacial nucleation strategy for controlling ferrite-gold growth through regulation of surface citrate coverage. Using gold
magnetic nanoparticles (GMNPs) composed of Fe3O4 and Au as a model system, we show that surface-bound citrate modulates gold precursor
adsorption and the heterogeneous nucleation landscape, enabling interlayer-free aqueous synthesis of highly uniform nanostructures with
tunable sizes. Notably, citrate transforms iterative gold deposition from a heterogeneity-amplifying process into a self-homogenizing process
by suppressing secondary nucleation and excessive growth of pre-existing particles while promoting utilization of residual ferrite
nanoparticles. Surface citrate quantification and density functional theory calculations reveal that increasing citrate coverage strengthens
interfacial Au-O electronic coupling, charge redistribution, and gold precursor adsorption, providing a molecular basis for the observed
growth behavior. The strategy is further validated in Co0.5Fe2.5O4@Au and Mn0.5Fe2.5O4@Au systems. The resulting GMNPs enable a 10-fold
sensitivity enhancement over conventional AuNPs-based lateral flow immunoassays following magnetic enrichment. These findings establish
surface ligand coverage as a molecular parameter for programming heterogeneous growth at ferrite-gold interfaces.

KEYWORDS: heterogeneous nucleation, surface ligand programming, citrate, ferrite-gold nanostructures, interface chemistry

1 Introduction
Multicomponent core-shell nanoparticles integrate distinct
physicochemical properties within a single nanoscale
architecture. Among them, ferrite-gold nanostructures,
particularly iron oxide nanoparticle (IONP)/gold magnetic
nanoparticles (GMNPs), have attracted considerable interest
owing to their combination of superparamagnetism, plasmonic
activity, and chemically versatile gold surfaces[1, 2]. These
characteristics have enabled applications in magnetic separation,
biosensing, catalysis, immunoassays, and biomedical
diagnosis[3–6]. Their functional performance, however,
depends critically on structural uniformity at the single-particle
and population levels, including consistent particle dimensions,
continuous gold coverage, and minimization of uncoated ferrite

nanoparticles and independently nucleated gold nanoparticles
(AuNPs). Achieving such uniformity ultimately requires control
over heterogeneous nucleation and subsequent growth at core-
shell interfaces, as the location and pathway of nucleation can
critically determine the structural evolution and final
morphology of resulting nanoparticles[7–9].
Current approaches for preparing ferrite-gold core-shell

nanostructures can generally be classified into direct and
indirect coating strategies. Direct coating deposits gold directly
onto magnetic nanoparticle surfaces and provides relatively
simple and scalable synthetic routes[10, 11]. However,
interfacial nucleation is difficult to regulate, often resulting in
incomplete coating, irregular structures, and
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Scheme 1. Schematic illustration of the ligand-programmed interfacial nucleation strategy for constructing uniform ferrite-gold core-shell nanostructures. (a)
Regulation of gold precursor adsorption, heterogeneous nucleation, and the resulting GMNP sizes through fine-tunning of surface citrate coverage. (b)
Comparison of iterative growth processes with and without additional citrate supplementation, respectively. (c) Enhanced performance provided by GMNPs in
magnetic-enrichment-assisted lateral flow immunoassays.

coexistence of uncoated magnetic nanoparticles and free AuNPs.
Indirect strategies introduce polymeric or inorganic interlayers
between the magnetic component and gold shell to improve
interfacial compatibility and facilitate gold deposition[12–14].
Although such approaches can enhance coating uniformity, they
generally require additional modification steps, organic reagents,
or complex preparation procedures. These limitations expose a
broader chemical challenge: whether heterogeneous nucleation
at an inorganic interface can be programmed directly through
molecular regulation of the native surface environment without
introducing an artificial intermediate layer[15].
Surface ligands provide a promising pathway for addressing

this challenge because ligand coordination and the local
interfacial chemical environment can profoundly influence
nanoparticle nucleation, crystallization, and subsequent
growth[15–19]. Nevertheless, deliberate regulation of surface
ligand coverage as a molecular parameter for programming
heterogeneous nucleation at pre-existing inorganic interfaces
remains comparatively underexplored. Citrate, for example, has
long been used in monometallic AuNPs synthesis, where its
concentration influences reduction kinetics, particle size, and
colloidal stability[20–22]. When metal deposition instead occurs
on a pre-existing metal oxide surface, however, the ability of
surface-bound ligands to regulate precursor-substrate

interactions and thereby alter heterogeneous nucleation remains
much less understood. In aqueous systems employing
chloroauric acid and hydroxylamine hydrochloride for gold
deposition on IONPs[23, 24], citrate is generally regarded as a
reducing or stabilizing reagent. Yet citrate contains multiple
carboxyl and hydroxyl groups capable of coordinating with
unsaturated metal sites on ferrite surfaces[25, 26], potentially
modifying the local chemical environment experienced by gold
precursor species. This raises a fundamental question: can
surface ligand coverage be deliberately programmed to alter
precursor-substrate interactions and thereby control the
heterogeneous nucleation landscape at ferrite-gold interfaces?
Establishing such a relationship would shift control of core-shell
growth from structural modification of the interface toward
molecular programming of its surface chemistry.
Herein, we demonstrate a citrate-programmed interfacial

nucleation strategy for constructing highly uniform ferrite-gold
nanostructures. Using Fe3O4/Au GMNPs as a model system, we
show that citrate coverage on ferrite surfaces acts as a molecular
regulatory parameter that controls gold precursor adsorption and
redistributes heterogeneous growth across the ferrite population.
Higher citrate coverage favors a more spatially distributed
interfacial growth landscape and thereby results in smaller
GMNPs, whereas
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Figure 1. Citrate programs heterogeneous gold nucleation on ferrite surfaces and enables controllable synthesis of uniform GMNPs. (a) Schematic illustration
for the preparation of GMNPs with tunable sizes through the “ligand-programmed interfacial nucleation” strategy. (b–d) Representative TEM images, STEM
images and the corresponding EDS elemental mapping images of S-, M-, and L-GMNPs. (e–g) Particle size distribution histograms of S-, M-, and L-GMNPs
based on measurements of 250 individual nanoparticles, respectively. Curves in these plotting represent Gaussian fits of distribution.

lower citrate coverage results in more localized growth and
larger GMNPs (Scheme 1a). Remarkably, citrate-mediated
interfacial programming transforms iterative gold deposition
from a process that normally amplifies structural heterogeneity
into a self-homogenizing growth process by suppressing
secondary nucleation and excessive enlargement of pre-existing
particles while promoting utilization of residual ferrite
nanoparticles (Scheme 1b). Quantitative measurements of
surface citrate coverage, combined with density functional
theory (DFT) calculations, reveal that increasing citrate
coverage strengthens interfacial Au-O electronic coupling,
charge redistribution, and gold precursor adsorption (Scheme
1a), providing a molecular basis for ligand-dependent
redistribution of heterogeneous growth. Extension to
Co0.5Fe2.5O4@Au and Mn0.5Fe2.5O4@Au establishes
transferability across ferrite-gold interfaces with different
surface chemical environments. Finally, the resulting uniform
GMNPs provide enhanced performance in magnetic-
enrichment-assisted lateral flow immunoassays (LFIAs)
(Scheme 1c), illustrating how molecular regulation of interfacial
growth can translate into functional magnetic-plasmonic
nanostructures.

2 Results and discussion
2.1 Citrate coverage programs heterogeneous gold
nucleation at ferrite interfaces

The formation of uniform multicomponent nanostructures is
fundamentally governed by the nucleation behavior of the
secondary component at the substrate interface. Inspired by the
coordination capability of citrate toward metal oxide surfaces,
we hypothesized that surface-bound citrate could serve as a
molecular regulator of heterogeneous gold nucleation on ferrite
nanoparticles. To test this hypothesis, Fe3O4 nanoparticles were
selected as a model ferrite substrate, and citrate concentration
was systematically varied while all other reaction parameters
were maintained
unchanged. Fe3O4 nanoparticles with an average diameter of
11.7 ± 5.8 nm were first prepared through a coprecipitation
method (Figure S1). After citrate modification under alkaline
conditions (pH 9.5), the resulting Fe3O4@citrate nanoparticles
were introduced into a hydroxylamine-mediated gold growth
system, followed by four iterative coating cycles to generate
GMNPs (Figure 1a).
Remarkably, varying only the citrate concentration enabled

continuous regulation of the dimensions of the resulting GMNPs.
Citrate concentrations of 227.27, 159.09, and 22.73 μM yielded
three representative products with average diameters of 24.5 ±
3.1, 44.3 ± 2.9, and 80.6 ± 3.4 nm, respectively (Figure 1b–d),
hereafter denoted as S-GMNPs, M-GMNPs, and L-GMNPs.
High-angle annular dark-field scanning transmission electron
microscopy (STEM-HAADF) revealed highly uniform spherical
morphologies with narrow size distributions across all three
samples. Energy-dispersive
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Figure 2. Citrate programs the heterogeneous nucleation landscape rather than gold deposition quantity during GMNPs growth. (a) XRD patterns of S-, M-, and
L-GMNPs. (b) Weight percentage of Au and Fe3O4 in S-, M-, and L-GMNPs calculated from ICP-MS results. (c) UV–vis absorption spectra of citrate-
stabilized S-GMNPs, M-GMNPs, L-GMNPs, and Fe3O4 nanoparticles. (d) Field-dependent magnetization curves of S-GMNPs, M-GMNPs, L-GMNPs, and
Fe3O4 nanoparticles. (e) ζ-potential measurements of Fe3O4 nanoparticles, citrate-stabilized Fe3O4 nanoparticles, and S-GMNPs, M-GMNPs, and L-GMNPs. (f)
Correlations between the LSPR peak positions of S-GMNPs/M-GMNPs/L-GMNPs and HAuCl4 concentrations in the reaction system, respectively. (g)
Correlation between the LSPR peak positions of GMNPs and citrate concentrations in the reaction system. Inset shows the linear correlation observed within
the citrate concentration range of 23–227 μM, with an R2 = 0.93. (h) The linear correlation between GMNP sizes and citrate concentrations in the reaction
system, with an R2 = 0.95. Inset shows the optical images of bare Fe3O4 nanoparticles, citrate-stabilized Fe3O4 nanoparticles, and 9 GMNP samples with
increasing particle sizes (from left to right). (i) Hydrodynamic sizes of GMNPs prepared under different citrate concentrations.

X-ray spectroscopy (EDS) elemental mapping and line-scanning
analyses further revealed Fe-rich interiors surrounded by
continuous Au-rich regions, confirming formation of ferrite-
gold core-shell architectures (Figure 1b–d and Figure S2).
Importantly, citrate-dependent size regulation was not

accompanied by substantial changes in overall composition. X-
ray diffraction (XRD) patterns confirmed characteristic
Fe₃O₄ and Au crystalline phases in all three samples (Figure
2a). Inductively coupled plasma mass spectrometry (ICP-MS)
further revealed nearly invariant Fe/Au mass ratios, with Au
contents ranging only from 63.61% to 63.95% among S-, M-,
and L-GMNPs (Figure 2b). The pronounced variation in
particle dimensions despite nearly unchanged Fe/Au
composition is inconsistent with a simple growth scenario in
which increasingly thick gold shells form around otherwise
identical individual ferrite nanoparticles. Instead, the results
indicate that citrate alters how ferrite-gold growth is distributed

during formation of the final nanostructures rather than simply
controlling the total quantity of deposited gold.
Considering the dimensions of the initial ferrite nanoparticles

relative to the final GMNPs, incorporation of multiple ferrite
nanoparticles within individual GMNPs is plausible, particularly
for the larger products, and is consistent with the nearly
invariant Fe/Au composition. Because the internal cross-
sectional architecture cannot be directly resolved by the present
characterization (i.e., ultramicrotomy and focused ion beam)
due to the small particle dimensions of GMNPs, however, this
interpretation is treated as a structural model rather than a
definitive assignment. We have further characterized as-
prepared Fe3O4 nanoparticles, Fe3O4@citrate nanoparticles and
samples of M-GMNPs collected at different reaction stages of
the initial gold nucleation using both TEM and SEM, trying to
intuitively show the corresponding changes. As shown in
Figure S3, Fe3O4@citrate nanoparticles exhibited improved
dispersibility and reduced aggregation compared to as-prepared
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Fe3O4 nanoparticles. During the initial gold growth in the
hydroxylamine-mediated gold growth system, GMNPs with
relatively heterogeneous sizes gradually formed, followed by an
increase in the GMNP population and stabilization of particle
sizes as the reaction proceeded. Accordingly, the following
discussion focuses on the experimentally supported
redistribution of heterogeneous ferrite-gold growth without
assuming a specific number of ferrite nanoparticles within each
final GMNP.
The resulting nanostructures exhibited characteristic size-

dependent plasmonic and magnetic properties. Compared with
bare Fe3O4 nanoparticles, all GMNPs displayed pronounced
localized surface plasmon resonance (LSPR) absorption bands
that progressively red-shifted with increasing particle size
(Figure 2c). Previous study has reported similar solid ferrite-
gold core-shell nanostructures using hydroxylamine-mediated
gold growth strategy[24], while citrate-stabilized AuNPs
exhibited size-dependent LSPR shifts which were in good
agreement with our GMNPs holding comparable sizes[27]. In
addition, electron microscopy showed that monodispersed
aggregation-free discrete nanoparticles with smooth particle
surfaces were evident for all GMNPs samples, and their UV–vis
absorption spectra only exhibited single LSPR peaks without
peak splitting or broadening. Taken together, these evidences
suggest that the LSPR redshift of GMNPs is mainly attributed to
increasing particle sizes rather than interparticle plasmonic
coupling. Magnetic measurements confirmed that
superparamagnetic behavior was retained after gold deposition,
although the saturation magnetization decreased with increasing
particle size (Figure 2d). Zeta-potential measurements further
showed that citrate modification changed the surface potential
of Fe3O4 nanoparticles from approximately +22 to -36 mV,
while the resulting GMNPs maintained stable negative surface
potentials of approximately -30 mV (Figure 2e). Together,
these results establish citrate concentration as an effective
parameter for regulating ferrite-gold nanostructure formation.
More importantly, the nearly invariant composition across
substantially different particle dimensions suggests that citrate
controls where and how heterogeneous ferrite-gold growth is
distributed, rather than how much gold is ultimately deposited.

2.2 Citrate programs the heterogeneous nucleation
landscape rather than gold deposition quantity
To further understand how citrate regulates ferrite-gold growth,
we systematically investigated the relationships among citrate
concentration, gold precursor availability, and nanoparticle
evolution. The LSPR peak positions of S-, M-, and L-GMNPs
remained nearly unchanged over a broad HAuCl4 concentration
range and began to red-shift only when the precursor
concentration exceeded 360 μM (Figure 2f). Thus, under
citrate-regulated conditions, additional gold precursor does not
immediately translate into enlargement of existing GMNPs,
suggesting that precursor consumption is governed by the
available interfacial growth landscape rather than solely by
precursor quantity.

As illustrated in Figure S4, the LSPR peak positions showed
a gradual red-shift with decreasing citrate concentrations and a
clear inverse relationship between the LSPR maxima and citrate
concentration can be concluded (Figure 2g), whereas the single
LSPR band signature was retained across all samples without
obvious peak splitting or broadening. Electron microscopy
revealed a corresponding decrease in particle dimensions with
increasing citrate concentration (Figure S5), and particle size
correlated strongly with LSPR wavelength (R2 = 0.98, Figure
S6). Within the effective citrate-regulation window of 23–227
μM, particle diameter displayed a negative linear dependence on
citrate concentration (R2 = 0.95, Figure 2h). Dynamic light
scattering measurements further supported this citrate-dependent
size evolution (Figure 2i).
Control experiments demonstrated that citrate is essential for

maintaining a controlled interfacial growth environment. In its
absence, gold deposition produced substantially larger particles
with irregular petal-like morphologies and broadened, strongly
red-shifted plasmonic features (Figure S7a and b), consistent
with poorly regulated nucleation and growth. Conversely,
excessive citrate concentrations (>454 μM) yielded smaller
particles but reduced monodispersity, likely because increased
ionic strength and changes in the reaction environment begin to
interfere with the optimized interfacial growth process (Figure
S7c–f).
Together with the nearly invariant Fe/Au composition, these

observations support a model in which citrate regulates the
spatial distribution of heterogeneous nucleation and subsequent
growth across the ferrite population, rather than the total
quantity of gold deposition. Higher citrate concentrations favor
a more spatially distributed interfacial growth landscape,
limiting localized evolution into larger composite structures and
producing smaller GMNPs. At lower citrate concentrations,
heterogeneous growth becomes concentrated within fewer
effective growth domains, leading to larger final nanostructures.
Citrate therefore acts as an interfacial programming element that
regulates the heterogeneous nucleation landscape rather than
functioning simply as a stabilizing or reducing reagent.
Successful expression of this ligand-programmed behavior

also requires a reaction environment in which precursor
reduction proceeds efficiently. Under the optimized alkaline
condition (pH 9.5), highly uniform GMNPs were obtained
(Figure S8). At neutral pH, broader and red-shifted LSPR bands
indicated less controlled growth, whereas decreasing the pH to
3.2 nearly abolished gold deposition. This behavior is consistent
with the established pH dependence of hydroxylamine-mediated
Au(III) reduction[28]. Previous studies have shown that citrate-
mediated gold reduction is strongly dependent on pH and is
significantly suppressed under highly alkaline conditions at
room temperature[29, 30]. This further supported that
hydroxylamine hydrochloride serves as the primary reducing
agent under the present reaction conditions (25 °C, pH 9.5),
whereas citrate mainly acts as a surface ligand, regulating gold
precursor adsorption and heterogeneous nucleation at ferrite
surfaces. Citrate-mediated interfacial programming therefore
operates within a kinetically permissive reduction regime.
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Figure 3. Ligand programming converts iterative growth into a self-homogenization process. (a–c) UV–vis absorption spectra of S-, M-, and L-GMNPs during
citrate-mediated iteration process. (d–i) Representative TEM images of M-GMNPs at different stages of citrate-mediated iteration process (scale bar = 100 nm).
(j) Proposed schematic illustration for the citrate-mediated iteration process of GMNPs.

2.3 Citrate-mediated interfacial programming converts
iterative growth into a self-homogenizing process
A major challenge in ferrite-gold nanoparticle synthesis is that
iterative gold deposition often amplifies structural heterogeneity.
During conventional iterative growth, nanostructures formed at
early stages continue to enlarge while incompletely reacted
ferrite nanoparticles persist, ultimately producing mixtures of

ferrite-gold particles, exposed magnetic nanoparticles, and
independently nucleated AuNPs[4, 31, 32]. Unexpectedly,
citrate-mediated growth exhibited fundamentally different
behavior. During iterative deposition in the presence of citrate,
the LSPR peak positions of S-, M-, and L-GMNPs remained
nearly unchanged throughout the first three coating cycles,
whereas their absorption intensities continuously increased
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(Figure 3a–c). This behavior indicates that newly supplied gold
precursor is

Figure 4. Surface citrate coverage regulates interfacial electronic coupling and gold precursor adsorption to control heterogeneous nucleation. (a) Projected
density of states (PDOS) of O p orbitals from citrate and Au d orbitals from AuCl3 in the 1-, 2-, and 3-citrates adsorbed systems. (b) Charge density difference
maps of AuCl3 adsorbed on Fe3O4 surfaces modified with different numbers of citrate ligands. Yellow and cyan regions represent electron accumulation and
depletion, respectively. (c) Plane-averaged charge density difference profiles along the z direction for AuCl3 adsorption on 1-, 2-, and 3-citrates modified Fe3O4

surfaces. (d) Calculated binding energies of AuCl3 on Fe3O4 surfaces with different citrate adsorption amounts. (e) Bader charge analysis of the interfacial
active gold sites in the 1-, 2-, and 3-citrates adsorbed systems. (f) Proposed schematic interpretation of citrate-coverage-dependent gold precursor adsorption,
heterogeneous nucleation, and resulting GMNP size based on the DFT results.

Ju
st

 A
cc

ep
te

d



8 / 17

not initially consumed predominantly through enlargement of
pre-existing GMNPs, but instead increases the population of
Au-containing ferrite-gold nanostructures. However, during the
fourth iteration, a noticeable LSPR redshift was observed for S-,
M-, and L-GMNPs (Figure 3a–c), indicating further
enlargement of existing GMNPs. Therefore, the fourth iteration
was selected as the termination point for the iterative growth
process, and no additional growth cycles were performed.
TEM analysis of M-GMNPs directly visualized this

population evolution. Prior to gold deposition, only Fe3O4

nanoparticles were observed (Figure 3d). After initiation of
gold growth, a mixed population of GMNPs and residual Fe3O4

nanoparticles emerged (Figure 3e). With successive growth
cycles, the population of unreacted ferrite nanoparticles
progressively decreased while that of GMNPs increased (Figure
3f–h). Notably, the characteristic GMNP dimensions remained
nearly constant during this stage and increased only after
residual Fe3O4 nanoparticles were largely consumed (Figure 3i),
consistent with the corresponding UV–vis spectra (Figure 3b).
These observations reveal an unusual evolutionary pathway

for iterative heterogeneous growth. Rather than continuously
enlarging pre-existing GMNPs, citrate-programmed growth
preferentially utilizes residual ferrite nanoparticles,
progressively incorporating them into the GMNP population
while preserving the dimensions of previously formed particles.
Citrate therefore converts iterative deposition from a
heterogeneity-amplifying process into a self-homogenizing
growth process, in which successive precursor addition reduces
rather than magnifies compositional heterogeneity.
Control experiments without citrate further support this

interpretation. Iterative coating caused substantial enlargement
of Au-containing particles while considerable numbers of
unreacted Fe3O4 nanoparticles remained (Figure S9), resulting
in simultaneous increases in size and compositional
heterogeneity. We therefore propose that citrate-mediated
surface programming suppresses nonspecific secondary
nucleation and excessive Au-on-Au growth while maintaining
favorable heterogeneous growth at exposed ferrite interfaces
(Figure 3j). Incoming precursor is preferentially utilized
through ferrite-associated growth until the residual ferrite
population is depleted, after which further precursor addition
increasingly contributes to enlargement of existing GMNPs.
This behavior demonstrates that surface ligands can control not
only initial formation of multicomponent nanoparticles but also
the evolutionary trajectory of heterogeneity during successive
growth. The ability to redirect iterative deposition toward
progressive population homogenization represents a distinctive
consequence of ligand-programmed interfacial nucleation.

2.4 Surface citrate coverage controls interfacial electronic
coupling and gold precursor adsorption
The preceding observations suggest that citrate-dependent
growth originates from changes in surface ligand coverage
rather than simply from bulk citrate concentration. The amount
of citrate adsorbed on Fe3O4 nanoparticles was therefore
quantified by high-performance liquid chromatography coupled
with diode-array detection (HPLC–DAD) following acid
digestion. A linear calibration curve was obtained for sodium
citrate standards (R2 = 0.99, Figure S10a), and characteristic
citrate signals were observed at approximately 6.3 min (Figure

S10b). Surface citrate loading increased approximately linearly
with citrate concentration within the effective size-regulation
range (Figure S10c) and approached a plateau above a feed
concentration of 227 μM, indicating near-saturation of available
adsorption sites. The correspondence between the citrate-
coverage and particle-size-regulation regimes provides
experimental evidence that interfacial ligand coverage, rather
than bulk citrate concentration alone, is the relevant control
parameter.
To investigate how ligand coverage modifies the ferrite-gold

interface at the molecular level, DFT calculations were
performed using Fe3O4 surface models containing different
citrate coverages. One-, two-, and three-citrates-modified
surfaces represented progressively increasing ligand densities.
AuCl3 was employed as a simplified model of an Au(III)-
containing precursor to comparatively probe how citrate
coverage influences precursor-surface interactions during the
initial stage of heterogeneous growth.
Projected density of states (PDOS) analysis revealed overlap

between Au d and O p orbitals for all models, consistent with
Au-O interfacial interactions (Figure 4a). The extent of orbital
overlap increased progressively with citrate coverage, with the
three-citrates model displaying the most pronounced Au d-O p
hybridization. Charge-density-difference calculations similarly
showed increasingly pronounced electron redistribution at the
Au-O interface with increasing citrate coverage (Figure 4b),
while plane-averaged charge-density-difference profiles
exhibited greater polarization amplitudes for the three-citrates
model (Figure 4c).
The same trend was reflected in adsorption energetics.

Calculated AuCl3 adsorption energies on the one-, two-, and
three-citrates-modified Fe3O4 surfaces were -0.22, -0.35, and -
0.62 eV, respectively (Figure 4d), demonstrating progressively
more favorable precursor-surface interactions at higher citrate
coverages. Bader charge analysis provided a consistent
descriptor, showing increased electron accumulation around the
interfacial gold atom with increasing citrate coverage (Figure
4e).
Collectively, these calculations establish a molecular

relationship between surface ligand coverage and precursor-
substrate interaction. Increasing citrate coverage strengthens
Au-O orbital hybridization, enhances interfacial charge
redistribution, and makes adsorption of the modeled Au(III)
precursor progressively more favorable. These coverage-
dependent interactions provide a molecular basis for the
experimentally observed redistribution of heterogeneous ferrite-
gold growth. The combined experimental and computational
results therefore support a model in which higher citrate
coverage creates a more favorable and spatially distributed
heterogeneous nucleation landscape across the ferrite population.
Stronger precursor affinity at citrate-rich ferrite interfaces
promotes widespread interfacial utilization of gold precursor
and limits concentration of growth within a smaller number of
domains. At lower citrate coverage, less favorable precursor-
interface interactions result in a more localized growth
landscape and formation of larger GMNPs. This interpretation is
consistent with the pronounced citrate-dependent change in
particle dimensions despite nearly invariant Fe/Au composition
and is schematically summarized in Figure 4f. Corresponding
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Figure 5. Ligand-programmed interfacial regulation is transferable across ferrite–gold nanostructures with different ferrite compositions. (a) UV–vis absorption
spectra of S-, M- and L-GMNPs (Co0.5Fe2.5O4@Au). (b–d) TEM images of S-, M- and L-GMNPs (Co0.5Fe2.5O4@Au), respectively. (e) Particle sizes of
Co0.5Fe2.5O4 nanoparticles and S-, M- and L-GMNPs (Co0.5Fe2.5O4@Au). (f–h) STEM-EDS elemental mapping images of S-, M- and L-GMNPs
(Co0.5Fe2.5O4@Au), respectively. (i) UV–vis absorption spectra of S-, M- and L-GMNPs (Mn0.5Fe2.5O4@Au). (j–l) TEM images of S-, M- and L-GMNPs
(Mn0.5Fe2.5O4@Au), respectively. (m) Particle sizes of Mn0.5Fe2.5O4 nanoparticles and S-, M- and L-GMNPs (Mn0.5Fe2.5O4@Au). (n–p) STEM-EDS elemental
mapping images of S-, M- and L-GMNPs (Mn0.5Fe2.5O4@Au), respectively.

top-view models and optimized AuCl3 adsorption configurations
are shown in Figures S11–S12.
The same molecular picture rationalizes the self-

homogenizing behavior observed during iterative deposition.
Favorable precursor interactions with exposed citrate-modified
ferrite interfaces bias precursor utilization toward residual ferrite
nanoparticles rather than excessive growth of pre-existing Au-
containing structures, thereby providing a chemical basis for the
population evolution observed in Figure 3. Citrate thus
functions as a molecular programming element that couples
surface coverage to precursor adsorption and ultimately to the
spatial distribution and evolutionary pathway of heterogeneous
ferrite-gold growth.

2.5 Generality of citrate-programmed interfacial regulation
across ferrite-gold nanostructures

We next investigated whether the interfacial programming
strategy could be transferred to other ferrite compositions. If
citrate acts through modulation of precursor adsorption and the
interfacial nucleation landscape rather than through a
phenomenon unique to Fe3O4, analogous regulatory behavior
should persist across ferrites retaining related metal-oxygen
coordination environments while differing in local surface
chemistry. Co0.5Fe2.5O4 and Mn0.5Fe2.5O4 nanoparticles were
selected as representative ferrite substrates[33, 34]. For
Co0.5Fe2.5O4, decreasing citrate concentration produced
progressive red-shifts of the LSPR absorption bands (Figure 5a),
accompanied by systematic increases in particle dimensions.
STEM-HAADF revealed ferrite-gold structures with average
diameters of approximately 28.2 ± 4.7, 49.7 ± 9.3, and 88.0 ±
14.5 nm for S-, M-, and L-GMNPs (Co0.5Fe2.5O4@Au),
respectively (Figure 5b–e), while STEM-
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Figure 6. Construction and optimization of ligand-programmed GMNPs for magnetic-enrichment-assisted LFIA. (a) Schematic illustration for the construction
of the GMNPs-based colorimetric and SERS dual-mode LFIA platform for CRP detection. (b) UV–vis absorption spectra of M-GMNPs before and after
sequential functionalization with 4-MBA Raman reporters and anti-CRP detection mAb. (c) Optical images and (d) quantitative colorimetric responses of S-,
M-, and L-GMNPs-based LFIA strips in the detection of CRP. SERS spectra of 4-MBA on M-GMNPs with different loading concentrations (from 10-7 to 10-3
M) (e) without and (f) after magnetic enrichment under ambient drying conditions. (g) Photographic evidence of the magnetic enrichment efficiency of M-
GMNPs. (h) UV–vis absorption spectra of M-GMNPs without and after magnetic enrichment (redispersed in the same volume of deionized water).

EDS mapping confirmed incorporation of Co, Fe, and Au within
individual nanostructures (Figure 5f–h). The iterative-growth
behavior characteristic of Fe3O4 was also preserved. During
sequential deposition, LSPR intensities continuously increased
while peak positions remained nearly
unchanged during the initial growth cycles (Figure S13), and
TEM revealed progressive depletion of residual Co0.5Fe2.5O4

nanoparticles (Figure S14). Citrate-mediated suppression of
compositional heterogeneity is therefore not unique to Fe3O4.
Mn0.5Fe2.5O4 exhibited a similarly citrate-dependent response.

Decreasing citrate concentration induced systematic red-shifts
of the plasmonic spectra (Figure 5i) together with
corresponding increases in particle dimensions (Figure 5j–m).
Unlike the predominantly spherical structures obtained from
Fe3O4 and Co0.5Fe2.5O4, however, Mn0.5Fe2.5O4-derived products
exhibited anisotropic nanostar-like morphologies. STEM-EDS
mapping confirmed the presence of Mn, Fe, and Au within these
multicomponent structures (Figure 5n–p).
This substrate-dependent morphology is mechanistically

informative. If citrate functioned primarily as a morphology-
directing ligand, comparable structures would be expected
across different ferrite compositions. Instead, preservation of
citrate-dependent size regulation alongside divergent final

morphologies indicates that citrate primarily programs the
interfacial nucleation and growth landscape, whereas subsequent
structural evolution remains influenced by the intrinsic surface
chemistry and crystallographic characteristics of the ferrite
substrate, consistent with the broader recognition that substrate
surface structure and nucleation pathways are closely coupled in
core-shell nanoparticle crystallization[9]. Citrate therefore acts
as an interfacial nucleation regulator rather than a universal
morphology-directing agent. Taken together, the Fe3O4,
Co0.5Fe2.5O4 and Mn0.5Fe2.5O4 systems establish transferability
of citrate-mediated interfacial programming across chemically
distinct ferrite-gold interfaces while demonstrating that
programming heterogeneous nucleation does not eliminate
substrate-dependent structural evolution.

2.6 Ligand-programmed ferrite-gold nanostructures enable
enhanced analytical performance
Having established ligand-programmed interfacial nucleation as
a strategy for controlling ferrite-gold growth, we next examined
whether the resulting GMNPs could provide functional
advantages in a representative analytical platform. Fe3O4-based
GMNPs were employed as magnetic-
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Figure 7. Ligand-programmed GMNPs deliver enhanced analytical performance through improved structural uniformity. (a) Optical images of M-GMNPs-
based LFIA strips in the detection of CRP with different concentrations (from 0 ng mL-1 to 500 ng mL-1) without (left panel) and after (right panel) magnetic
enrichment. (b) Calibration curves for CRP detection based on the T/C values of M-GMNPs without and after magnetic enrichment. Each T/C value represents
the averaged values of 3 randomly collected results at given concentration. Inset shows the linear relationships between T/C values and CRP concentrations in
the range of 5–100 ng mL-1 under both conditions, with R2 values of 0.94 (without enrichment) and 0.87 (after enrichment), respectively. (c) Calibration curves
for CRP detection based on the SERS signals collected at the T line without and after magnetic enrichment. SERS signals represent the averaged values of 10
randomly selected spots at the T line. Inset shows the linear relationships between SERS intensities and CRP concentrations in the range of 5–100 ng mL-1

under both conditions, with R2 values of 0.96 for both cases. Representative SERS spectra collected at the T line of GMNPs-based LFIA strips (d) without and
(e) after magnetic enrichment. (f) Calculated limits of detection (cLODs) for AuNPs-based LFIA, colorimetric mode of M-GMNPs-based LFIA (without and
after magnetic enrichment), and SERS mode of M-GMNPs-based LFIA (without and after magnetic enrichment). The cLODs for both the colorimetric and
SERS modes were determined as 3σ m-1, where σ is the corresponding standard deviation of the blank and m is the corresponding slope of the calibration curve
for each case, respectively. (g) Specificity evaluations of M-GMNPs-based LFIA for CRP detection in colorimetric mode and SERS mode (inset). (h) Time-
dependent stability of colorimetric and SERS signals at the T line for M-GMNPs-based LFIA strips (measured at 0, 7, 14, 21, and 28 days). Colorimetric
signals represent the averaged values of 3 randomly selected spots at the T line during each measurement. SERS signals represent the averaged values of 10
randomly selected spots at the T line during each measurement.

plasmonic nanoprobes in an LFIA for C-reactive protein (CRP),
a clinically important biomarker associated with inflammation
and infection[35–40]. Their Au-rich exterior enables optical
readout and biomolecular functionalization,
whereas the ferrite-containing component enables magnetic
target enrichment before analysis.
A dual-mode colorimetric and surface-enhanced Raman

scattering (SERS) LFIA was constructed using 4-
mercaptobenzoic acid (4-MBA) as the Raman reporter and anti-
CRP antibodies as recognition elements (Figure 6a). The
GMNPs retained colloidal stability during sequential
modification with 4-MBA and antibodies, with only minor
changes in their LSPR spectra after functionalization (Figure
6b). Among the three particle sizes, M-GMNPs generated the
strongest assay response (Figure 6c and d) and were selected

for subsequent studies. Probe preparation and assay conditions
were optimized as detailed in Figure 6e and Figures S15–S16.
Magnetic manipulation enabled efficient concentration of target-
bound probes before LFIA analysis (Figure 6f), with
approximately 69% of nanoparticles recovered after 20 min of
magnetic enrichment (Figure 6g and h and Supporting Movie
1).
The GMNPs-based LFIA achieved a visible limit of detection

(vLOD) of 50 ng mL-1 for CRP, which improved to 20 ng mL-1

following magnetic enrichment, compared with approximately
200 ng mL-1 for conventional AuNPs-based LFIA (Figure 7a).
Quantitative colorimetric analysis yielded calculated limits of
detection (cLODs) of 34.11 and 6.82 ng mL-1 before and after
magnetic enrichment, respectively, compared with 69.25 ng mL-

1 for conventional AuNPs reporters (Figure 7b and Figure S17).
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The Au-rich surface additionally enabled SERS detection using
4-MBA. The characteristic Raman band at 1075 cm-1 increased
systematically with CRP concentration (Figure 7c–e)[41],
yielding SERS-based cLODs of 0.11 ng mL-1 without
enrichment and 0.018 ng mL-1 after magnetic enrichment
(Figure 7f). The assay also exhibited high specificity against
procalcitonin (PCT), serum amyloid A (SAA), platelet-derived
growth factor-BB (PDGF-BB), and interleukin-6 (IL-6) (Figure
7g and Figure S18) and maintained stable analytical
performance during prolonged storage (Figure 7h and Figure
S19).
These results demonstrate that ligand-programmed ferrite-

gold nanostructures can function effectively as magnetic-
plasmonic nanoprobes and that their magnetic component
provides a substantial analytical advantage through target
enrichment. More broadly, the LFIA provides functional
validation that precise molecular control of interfacial growth
can generate structurally uniform multicomponent nanoparticles
suitable for downstream applications. The central significance
of the present system therefore lies not in the assay itself, but in
the connection between molecular regulation of the ferrite-gold
interface and the construction of reproducible functional
nanostructures.

3 Conclusion
In summary, we demonstrate that surface ligand coverage can
serve as a molecular programming parameter for controlling
heterogeneous growth at ferrite-gold interfaces. Quantitative
citrate measurements establish the relationship between solution
citrate concentration and interfacial ligand coverage, while DFT
calculations show that increasing coverage strengthens Au-O
electronic coupling, interfacial charge redistribution, and
adsorption of the modeled Au(III) precursor. These coverage-
dependent interactions provide a molecular basis for the
experimentally observed redistribution of ferrite-gold growth
and the formation of highly uniform nanostructures with tunable
dimensions. A distinctive consequence of this interfacial
programming is that iterative gold deposition becomes a self-
homogenizing growth process. Citrate-mediated regulation
favors utilization of residual ferrite interfaces while suppressing
secondary nucleation and excessive enlargement of pre-existing
particles, allowing successive deposition to reduce rather than
amplify population heterogeneity. Extension to Fe3O4,
Co0.5Fe2.5O4, and Mn0.5Fe2.5O4 demonstrates transferability
across different ferrite compositions, while substrate-dependent
morphologies show that ligand-programmed nucleation can
coexist with intrinsic structural characteristics of the underlying
ferrite. The resulting GMNPs further function as effective
magnetic-plasmonic nanoprobes in magnetic-enrichment-
assisted LFIA. Collectively, these findings establish ligand
coverage as an effective molecular handle for coupling
precursor-substrate interactions to heterogeneous nucleation and
growth, providing a strategy for engineering structurally
uniform multicomponent nanomaterials through interface
chemistry.

4 Method
4.1 Materials
Gold(III) chloride trihydrate (HAuCl4·3H2O, ≥99.9%), bovine
serum albumin (BSA, ≥98%) and Tween 20 were purchased
from Sigma-Aldrich. Iron(III) chloride hexahydrate

(FeCl3·6H2O, ≥98%), iron(II) chloride tetrahydrate (FeCl2·4H2O,
≥98%), cobalt(II) chloride hexahydrate (CoCl2·6H2O, ≥98%,
ACS grade), manganese(II) chloride tetrahydrate (MnCl2·4H2O,
≥99%, AR grade), methanol (CH3OH, ≥99.9%), sodium
dihydrogen phosphate (NaH2PO4, ≥99%, AR grade), phosphoric
acid (H3PO4, 85%, HPLC grade), ammonia solution (NH3·H2O,
28%), hydroxylammonium chloride (NH2OH·HCl, ACS grade),
sodium citrate tribasic dihydrate (C6H5Na3O7·2H2O, ≥99%), 4-
mercaptobenzoic acid (4-MBA, ≥99%), disodium hydrogen
phosphate dodecahydrate (Na2HPO4·12H2O, ≥99%), potassium
chloride (KCl, ≥99%), sodium chloride (NaCl, ≥99%),
potassium dihydrogen phosphate (KH2PO4, ≥99%), sodium
bicarbonate (NaHCO3, ≥99%), sodium carbonate (Na2CO3,
≥99%) and polyethylene glycol 6000 (PEG 6000) were
purchased from Aladdin. Hydrochloric acid (HCl, 36%, AR
grade) were purchased from Shanghai Lingfeng Chemical
Reagent Co., Ltd. Sodium azide (NaN3, ≥99%), sucrose
(C12H22O11, ≥99%) and sorbitol (C6H14O6, ≥99%) were
purchased from Beijing Bailingwei Technology Co., Ltd.
Sodium hydroxide (NaOH, ≥96%) was purchased from Xilong
Scientific. CRP calibrator, procalcitonin (PCT), interleukin-6
(IL-6), serum amyloid A (SAA), platelet-derived growth factor-
BB (PDGF-BB), anti-CRP detection monoclonal antibodies
(anti-CRP detection mAb), anti-CRP capture monoclonal
antibodies (anti-CRP capture mAb) and goat anti-mouse IgG
were purchased from MEDIX. Nitrocellulose (NC) membranes,
polyvinyl chloride (PVC) backing cards, absorbent pads and
sample pads were purchased from Wuhan Siree Kechuang
Technology Co., Ltd. All chemicals were used as received
without further purification. Deionized water was used in all
aqueous solutions. All glassware used in the GMNPs and
AuNPs synthesis procedures was cleaned in a bath of freshly
prepared aqua regia and was rinsed thoroughly in deionized
water prior to use.

4.2 Characterization
UV–vis spectra were collected using an Agilent Cary 5000 UV–
Vis–NIR spectrophotometer. TEM images were captured using
a Thermo Scientific Talos F200X G2 transmission electron
microscope operating at 200 kV and a HITACHI HT7800
transmission electron microscope operating at 80 kV. SEM
images were obtained by a Thermo Scientific Quattro S
scanning electron microscope operating at 20 kV. Dynamic light
scattering (DLS) and ζ-potential measurements were performed
at 25 °C by using a Malvern Zetasizer Pro ZSU3200 instrument.
X-ray di raction (XRD) patterns were collected on a Rigaku
SmartLab SE (Japan). Magnetic hysteresis measurements were
performed at room temperature using an 8600 Series Vibrating
Sample Magnetometer (Lake Shore Cryotronics, USA).
Inductively coupled plasma mass spectrometry (ICP-MS)
measurements were performed using an Agilent 7850 ICP-MS
(USA). HPLC–DAD measurements were performed using an
Agilent 1290 Infinity II ultra-high-performance liquid
chromatography system equipped with a diode array detector.
All SERS spectra were recorded using a HORIBA XploRA
PLUS microRaman Spectrometer with the excitation laser
wavelength of 785 nm, a laser power of 10 mW and an
integration time of 15 s. The syringe pump (model: BYZ-810T)
was purchased from Hunan Beyond Medical Technology Co.,
Ltd. The membrane gold-spraying instrument (HGS510), strip-
cutting machine (HGS201), and portable
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immunochromatographic strip reader (FIC-H1) were purchased
from Hangzhou Fenghang Technology Co., Ltd.

4.3 Synthesis and preparation of materials
4.3.1 Synthesis of magnetic core nanoparticles
Fe3O4, Co0.5Fe2.5O4, and Mn0.5Fe2.5O4 magnetic core
nanoparticles were synthesized using a similar co-precipitation
method[42]. Briefly, for the synthesis of Fe3O4 nanoparticles,
400 mg of FeCl3·6H2O (1.48 mmol) and 200 mg of FeCl2·4H2O
(1.01 mmol) were dissolved in 50 mL of deionized water and
heated in a 60 °C water bath under vigorous stirring with N2

protection. For the synthesis of Co0.5Fe2.5O4 nanoparticles,
FeCl2·4H2O was partially replaced with CoCl2·6H2O at a preset
molar ratio to introduce Co into the ferrite lattice. Similarly,
Mn0.5Fe2.5O4 nanoparticles were synthesized by replacing the
corresponding amount of FeCl2·4H2O with MnCl2·4H2O. Then,
5 mL of 28% ammonia solution was added dropwise at a rate of
600 mL h-1 using a syringe pump, and the mixture was
incubated for 20 min. The reaction solution gradually turned
from transparent yellow to glossy black, indicating the
formation of magnetic core nanoparticles. After completion, the
product was collected by magnetic separation, washed twice
with 50 mL of deionized water, and then redispersed in 50 mL
of deionized water.

4.3.2 Preparation of magnetic core@citrate
The obtained magnetic core nanoparticles were incubated with
10 mL of 0.01 M citrate solution under stirring for 2 h, and the
resulting black suspension was aged at 4 °C for one week.
Subsequently, 4 mL of the aged magnetic core nanoparticles
were collected by magnetic separation, redispersed in 20 mL of
deionized water, and further subjected to ligand adsorption with
20 mL of 0.1 M citrate solution under continuous stirring for 24
h. The nanoparticles were then washed and redispersed in 40
mL of deionized water to obtain citrate-modified magnetic core
nanoparticles, including Fe3O4@citrate, Co0.5Fe2.5O4@citrate,
and Mn0.5Fe2.5O4@citrate. To prevent oxidation of the magnetic
core nanoparticles, the entire process was conducted under N₂
protection.

4.3.3 Size-controlled synthesis of GMNPs
The size-controlled synthesis of GMNPs was adapted from
previously reported protocols with modifications[23, 24, 43].
For the synthesis of M-GMNPs, 2 mL of citrate-modified
magnetic core nanoparticles were collected by magnetic
separation and diluted to 55 mL with deionized water. The
mixture was heated in a 25 °C water bath under vigorous stirring,
followed by the addition of 350 μL of 25 mM citrate and further
stirring for 10 min (initial citrate concentration: 159.09 μM).
Next, 500 μL of 25 mM HAuCl4 was added, and the pH was
adjusted to weakly alkaline (9.5–10) using NaOH. Afterwards,
500 μL of freshly prepared 0.4 M hydroxylamine hydrochloride
solution was introduced, during which the solution color
changed from yellow-brown to bluish purple and finally to wine
red. For the iterative growth, four additions of 70 μL of 25 mM
citrate, 100 μL of 25 mM HAuCl4, and 100 μL of 0.4 M
hydroxylamine hydrochloride were performed at 10 min
intervals. The reaction was terminated after the fourth iteration
by stopping stirring followed by centrifugation, without further
reagent addition.
For the preparation of S-GMNPs, the initial citrate

concentration was increased to 227.27 μM, with each

subsequent citrate addition raised to 100 μL. Conversely, for the
preparation of L-GMNPs, the initial citrate concentration was
lowered to 22.73 μM, and the citrate supplement was reduced to
10 μL.

4.4 Quantification of surface citrate loading on Fe3O4

nanoparticles by HPLC–DAD
Surface citrate loading on Fe3O4 nanoparticles was quantified by
HPLC-DAD according to a previously reported RP-HPLC
method with minor modifications[44]. Briefly, Fe3O4@citrate
nanoparticles prepared with different citrate concentrations were
collected by magnetic separation and washed thoroughly with
deionized water to remove free citrate. The purified
nanoparticles were then digested with hydrochloric acid to
dissolve the iron oxide cores and release surface-bound citrate.
After complete digestion, the solution was diluted to a fixed
volume, centrifuged, and filtered through a 0.22 μm membrane
before HPLC analysis. Citrate standards were measured under
the same conditions to establish the calibration curve. HPLC–
DAD analysis was performed using a reversed-phase C18
column with a phosphate buffer (pH 2.9 ± 0.1)/methanol
mixture (97.5:2.5, v/v) as the mobile phase, a flow rate of 1.0
mL min-1, and a detection wavelength of 210 nm. The citrate
concentration in each digested sample was calculated from the
corresponding peak area and corrected by the dilution factor to
determine the actual citrate loading on Fe3O4 nanoparticles.

4.5 Density functional theory calculations
Density functional theory (DFT) calculations were performed
using the Quantum ESPRESSO package[45–47] to investigate
the adsorption behavior and interfacial electronic interactions
between AuCl3 and citrate-modified Fe3O4 surfaces. The
exchange-correlation interaction was described using the
generalized gradient approximation (GGA) with the Perdew-
Burke-Ernzerhof (PBE) functional. Electron-ion interactions
were treated using the projector augmented-wave (PAW)
method, with a plane-wave kinetic energy cutoff of 500 eV.
Spin-polarized calculations were conducted for all systems. The
on-site Coulomb interaction of Fe 3d electrons was treated using
the DFT+U method within the Dudarev scheme, with an
effective Hubbard parameter (Ueff) of 5.3 eV.
The Fe3O4 slab model was constructed from the optimized

bulk structure to simulate surface adsorption. A vacuum layer of
approximately 10 Å was introduced along the surface-normal
direction to minimize artificial interactions between periodic
images. During geometry optimization, the bottom atomic layers
of the slab were fixed to preserve a bulk-like environment,
whereas the remaining atoms, including the citrate ligands and
AuCl3 molecule, were fully relaxed. Structural optimizations
were performed using a quasi-Newton algorithm until the
residual force on each atom was below 0.02 eV Å-1, while the
lattice parameters were kept fixed. A dipole correction was
applied along the surface-normal direction to reduce artificial
electrostatic interactions associated with the asymmetric slab
configuration. The Brillouin zone was sampled using a Γ-
centered 1 × 1 × 1 Monkhorst-Pack k-point mesh. Electronic
occupations were treated using Methfessel-Paxton smearing
with a width of 0.2 eV. The protonation state of citrate and the
surface chemical environment of Fe3O4 were considered when
interpreting the calculated adsorption behavior in relation to the
experimental synthesis conditions (pH = 9.5). Under these
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alkaline conditions, free citrate predominantly exists in its triply
deprotonated form (Cit3−), while the Fe3O4 surface may contain
hydroxylated and deprotonated surface sites depending on its
local chemical environment. To evaluate the interfacial
electronic redistribution induced by AuCl3 adsorption, the
charge density difference (Δρ) was calculated according to:

�汰 � 汰�瀰Ԣݏ���瀰ݐܾݏ�ܾݏݑ � 汰ݏ瀰ݐܾݏ�ܾݏݑ � 汰�瀰Ԣ��
where 汰�瀰Ԣݏ���瀰ݐܾݏ�ܾݏݑ, 汰ݏ瀰ݐܾݏ�ܾݏݑ, and 汰�瀰Ԣ�� represent the electron
densities of the complete adsorption system, the citrate-modified
Fe3O4 substrate, and the isolated AuCl3 molecule, respectively.
The electron densities of the constituent fragments were
evaluated using consistent atomic geometries and computational
settings. The plane-averaged charge density difference was
further projected along the surface-normal direction to
characterize electron accumulation and depletion across the
interface. Projected density of states (PDOS) analysis was
performed to investigate the electronic interactions between Au
d and O p orbitals. Bader charge analysis was conducted to
quantify the local charge redistribution at the interfacial active
sites.
The adsorption energy (ݏ香ݏ�) of AuCl3 on the citrate-modified

Fe3O4 surface was calculated as:
ݏ香ݏ� � ��瀰Ԣݏ���瀰ݐܾݏ�ܾݏݑ � ݐܾݏ�ܾݏݑ瀰ݏ� � ��瀰Ԣ��

where ��瀰Ԣݏ���瀰ݐܾݏ�ܾݏݑ , ݐܾݏ�ܾݏݑ瀰ݏ� , and ��瀰Ԣ�� represent the total
energies of the complete adsorption system, the corresponding
citrate-modified Fe3O4 substrate, and the isolated AuCl3
molecule, respectively. A more negative adsorption energy
indicates a more energetically favorable adsorption
configuration within the adopted computational model and
reference states. VESTA software was used to visualize the
optimized structures and charge density difference
distributions[48].

4.6 Modification of GMNPs with 4-MBA
The modification of GMNPs with 4-MBA was adapted from
previously reported protocols with minor modifications[49]. The
general method presented here is suitable for all different sized
GMNPs with various 4-MBA loading concentrations. For M-
GMNPs, 10-4 M is determined to be the optimized 4-MBA
loading concentration.
To prepare GMNPs@4-MBA, 9 mL of the M-GMNPs

solution was mixed with 1 mL of 10-3 M 4-MBA solution under
vigorous stirring to allow ligand exchange for 24 h. The
obtained M-GMNPs@4-MBA nanoparticles were washed twice
with deionized water to remove excess 4-MBA and redispersed
in 10 mL of deionized water for further use.

4.7 SERS performance of GMNPs
A 20 μL aliquot of the GMNPs@4-MBA solution was deposited
onto a fluorine-treated silicon wafer and allowed to air-dry.
SERS spectra were then acquired using a confocal Raman
spectrometer equipped with a 785 nm laser source operated at
10 mW, and collected over the range of 600–1800 cm-1 with an
integration time of 15 seconds, with the intensity at 1075 cm-1

measured for quantification. For magnetic enrichment, 1 mL of
GMNPs@4-MBA solution was placed by side of a neodymium
magnet for 20 minutes. After magnetic separation, the
supernatant was discarded, and the enriched particles were re-
dispersed in 0.5 mL of deionized water. A 20 μL portion of this
suspension was then applied to a silicon wafer, air-dried, and

subjected to Raman measurement under identical conditions.
This protocol was applied consistently across all GMNPs@4-
MBA sizes using the same measurement conditions.

4.8 Preparation of GMNPs@4-MBA modified with anti-
CRP detection mAb (GMNPs@4-MBA@anti-CRP detection
mAb)
The anti-CRP detection mAb modified GMNPs@4-MBA
probes were prepared according to previously reported protocols
with minor modifications[37, 38, 50]. For anti-CRP detection
mAb conjugation, 5 mL of M-GMNPs@4-MBA were
transferred into a 15 mL centrifuge tube, and the pH was
adjusted to 8.2 with 0.2 M K2CO3 solution. Anti-CRP detection
mAb were diluted to 0.2 mg mL-1 using 0.02 M borate buffer
and then added to the M-GMNPs@4-MBA solution to reach a
final concentration of 5–15 μg mL-1 (for M-GMNPs, 10 μg mL-1

is ultimately determined to be the optimized anti-CRP detection
mAb loading concentration). The mixture was incubated at
room temperature for 45 min. Subsequently, 0.25 mL of 10%
(w/v) BSA solution was added and incubated for 2 h to block
unreacted gold surfaces and prevent nonspecific binding. The
solution was centrifuged at 6000 rpm for 10 min at 4 °C, and the
supernatant containing unbound anti-CRP detection mAb and
BSA was removed. Finally, the residue was resuspended in 0.5
mL of gold-label resuspension buffer (0.04% NaN3, 2% sorbitol,
5% sucrose, 0.1% Tween 20, and 0.1% PEG 6000) to obtain
GMNPs@4-MBA@anti-CRP detection mAb, which were
stored at 4 °C for further use.

4.9 Construction of lateral flow strips
The assembly of lateral flow test strips was conducted with
modifications based on previously reported
immunochromatographic strip fabrication methods[51]. Briefly,
a nitrocellulose membrane was affixed to the center of a
polyvinyl chloride backing card. An absorbent pad was attached
to the upper end of the backing card, overlapping the lower end
of the nitrocellulose membrane by approximately 2 mm to
ensure continuous fluid flow. The T line and C line were
defined by dispensing diluted anti-CRP capture mAb at
concentrations ranging from 0.5 to 1.5 mg mL-1 and goat anti-
mouse IgG at 0.2 mg mL-1 onto the membrane using a
membrane dispenser (for M-GMNPs, 1.0 mg mL-1 is ultimately
determined to be the optimized anti-CRP capture mAb loading
concentration at the T line). The assembled membrane was dried
at 37 °C for several hours. Finally, the membrane sheet was cut
into 4 mm wide strips using a strip cutter and stored in a
desiccator until further use.

4.10 LFIA experiments based on different sized GMNPs
LFIA experiments based on GMNPs with different sizes were
carried out following a previously reported protocol with slight
modifications[40]. This general method was uniformly applied
to all GMNP sizes (S-, M-, and L-). Specifically, 40 μL of M-
GMNPs@4-MBA@anti-CRP detection mAb were mixed with
80 μL of CRP standard solution at various concentrations. After
incubation for 5 minutes, the mixture was applied to the sample
pad of the test strip. Driven by capillary force, the formed
immunocomplexes migrated upward to the T line, where they
bound to the immobilized anti-CRP capture mAb, producing a
visible signal. Excess particles continued to flow to the C line,
where they were captured by goat anti-mouse IgG, forming a
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secondary color band. After 15 minutes, the signal was recorded
using a portable immunochromatographic strip reader.

4.11 Magnetic enrichment and SERS performance
measurements of GMNPs-based LFIA
To evaluate the effect of magnetic enrichment on GMNPs-based
LFIA system and its SERS performance, 40 μL of M-
GMNPs@4-MBA@anti-CRP detection mAb were first mixed
with 80 μL of CRP standard solutions with varying
concentrations, and subjected to magnetic enrichment using a
neodymium magnet for 20 minutes. After removing the
supernatant, the enriched GMNP probes were re-dispersed in 60
μL of gold-label resuspension buffer. The resulting solution was
then added onto the sample pad of the test strip for colorimetric
detection. After 15 minutes of development, the colorimetric
signal was recorded using a portable immunochromatographic
reader.
Subsequently, SERS signals at the T line were acquired using

a confocal Raman spectrometer equipped with a 785 nm laser.
The laser power was set to 10 mW, and the spectra were
collected in the range of 600–1800 cm-1 with an integration time
of 15 seconds. Raman intensity at 1075 cm-1 was measured, and
quantitative analysis was performed using the averaged signal
from 10 randomly selected points along the centerline of the T
line.

4.12 LFIA experiment based on 45 nm AuNPs
The synthesis of 45 nm AuNPs was performed according to a
previously reported method with slight modifications[52].
Briefly, 2.352 mL of 25 mM HAuCl4 was added to 200 mL of
deionized water and heated to boiling. Then, 2.28 mL of 34 mM
sodium citrate solution was rapidly introduced under vigorous
stirring. The reaction was continued for 10 minutes to yield
monodisperse AuNPs with an average diameter of ~45 nm. The
conjugation of anti-CRP detection mAb to AuNPs followed the
same protocol used for GMNPs.
Subsequently, 40 μL of AuNPs@anti-CRP detection mAb

was mixed with 80 μL of CRP standard solution at varying
concentrations. After a 5-minute incubation, the mixture was
added onto the sample pad. Driven by capillary force, the
formed immunocomplexes migrated toward the T line, where
they bound to immobilized anti-CRP capture mAb, producing a
visible color signal. Excess complexes were captured by the
goat anti-mouse IgG at the C line. After 15 minutes, the signal
was recorded using a portable immunochromatographic strip
reader.

4.13 Specificity and stability tests of GMNPs-based LFIA
system
To further assess the feasibility of the colorimetric and SERS
dual-mode GMNPs-based LFIA sensing system, specificity tests
were performed using four potential interfering substances (PCT,
SAA, IL-6, and PDGF-BB). Positive and negative controls were
prepared using solutions containing CRP (1000 ng mL-1) and
gold-label resuspension buffer without CRP, respectively.
To evaluate the stability of the GMNPs-based LFIA system,

the lateral flow strips and GMNP probes were stored and tested
every 7 days for a duration of one month[38]. The coefficient of
variation (CV) was calculated to assess the stability of the
GMNPs-based LFIA using the following formula:

CV �
SD
mean

� �㐴

SD represents the respective standard deviation of the
colorimetric optical densities and the SERS signal intensities at
the T line, and mean represents the respective average value of
the colorimetric optical densities and the SERS signal intensities
at the T line.

Electronic Supplementary Material: Supplementary material
(Figures S1–S19) is available in the online version of this article
at https://doi.org/10.26599/NR.2026.94909306.
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Figure S1. (a) TEM image, (b) STEM image and (c, d) EDS elemental mapping images of Fe3O4 nanoparticles.

Figure S2. Schematic illustrations, STEM images, EDS elemental mapping images and line-scan profiles of (a) S-GMNPs, (b) M-
GMNPs, and (c) L-GMNPs. Ju
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Figure S3. Representative (a) TEM and (b) SEM images of as-prepared Fe3O4 nanoparticles, Fe3O4@citrate nanoparticles, and
samples of M-GMNPs collected at different stages from the initial gold growth (1, 3, 5, and 7 min) to before the first iterative coating
cycle. The upper and lower rows in each panel show low- and high-magnification images, respectively.

Figure S4. Normalized UV–vis absorption spectra of GMNPs prepared under different citrate concentrations, showing the LSPR peak
positions redshift from 524 to 555 nm.
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Figure S5. (a–f) SEM images of six different sized GMNPs. The inset in each SEM image shows the particle size distribution
histogram determined from statistical analysis of 250 nanoparticles. The curve in each inset represents Gaussian fit of distribution.

Figure S6. The linear correlation between GMNPs particle sizes and their corresponding LSPR peak positions, with an R2 = 0.98.
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Figure S7. (a) STEM image and (b) UV–vis absorption spectrum of GMNPs obtained without the presence of citrate. (c) STEM image
and (d) UV–vis absorption spectrum of GMNPs obtained with the presence of excessive citrate (i.e., 454 μM). (e) STEM image and (f)
UV–vis absorption spectrum of GMNPs obtained with the presence of superfluous citrate (i.e., 909 μM).
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Figure S8. (a) STEM image and (b) UV–vis absorption spectrum of GMNPs prepared under neutral conditions (pH = 7.4, adjusted
with 0.1 M HCl). (c) STEM image and (d) UV–vis absorption spectrum of GMNPs prepared under acidic conditions (pH = 3.2,
adjusted with 0.1 M HCl).
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Figure S9. UV–vis spectra of (a) S-GMNPs, (b) M-GMNPs, and (c) L-GMNPs obtained without and with the presence of citrate
during the iteration process. TEM images of (d) S-GMNPs, (e) M-GMNPs, and (f) L-GMNPs obtained without the presence of citrate
during the iteration process. TEM images of (g) S-GMNPs, (h) M-GMNPs, and (i) L-GMNPs obtained with the presence of citrate
during the iteration process.

Figure S10. Quantification of citrate loading on Fe3O4 nanoparticles by HPLC–DAD. (a) Calibration curve of sodium citrate standards
obtained from the peak area at 210 nm. (b) HPLC–DAD chromatograms of digested Fe3O4@citrate samples prepared with different
citrate concentrations. (c) Correlation between surface grafted citrate concentration on Fe3O4 nanoparticles and added citrate
concentration.
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Figure S11. Top-view charge density difference maps of AuCl3 adsorbed on citrate-modified Fe3O4 surfaces. (a–c) Top-view charge
density difference maps of AuCl3 adsorbed on Fe3O4 surfaces modified with 1, 2, and 3 citrate ligands, respectively. Yellow and cyan
regions represent electron accumulation and depletion, respectively.

Figure S12. Initial and optimized adsorption configurations of AuCl3 on citrate-modified Fe3O4 surfaces. (a) Initial structural models
of AuCl3 adsorbed on Fe3O4 surfaces modified with 1, 2, and 3 citrate ligands, respectively. (b) Optimized adsorption configurations of
AuCl3 on Fe3O4 surfaces modified with 1, 2, and 3 citrate ligands after DFT geometry optimization.

Ju
st

 A
cc

ep
te

d



Figure S13. UV–vis absorption spectra of M-GMNPs (Co0.5Fe2.5O4@Au) collected after different iterative additions of citrate,
HAuCl4, and hydroxylamine hydrochloride.

Figure S14. TEM images of M-GMNPs (Co0.5Fe2.5O4@Au) during the iteration process. (a) TEM image of Co0.5Fe2.5O4@citrate
nanoparticles before gold deposition. (b–d) TEM images of M-GMNPs (Co0.5Fe2.5O4@Au) obtained after no iteration, the 2nd iteration,
and the 4th iteration, respectively.
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Figure S15. SERS spectra of 4-MBA on (a) S-GMNPs and (b) L-GMNPs with different loading concentrations (from 10-7 to 10-3 M)
under natural drying.

Figure S16. (a) Optical images and (b) the corresponding colorimetric responses of M-GMNPs-based LFIA strips in the detection of
CRP with different anti-CRP capture mAb concentrations dispensing at the T line. (c) Optical images and (d) the corresponding
colorimetric responses of M-GMNPs-based LFIA strips in the detection of CRP with M-GMNPs incubated with different
concentrations of anti-CRP detection mAb.
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Figure S17. (a) Optical images of 45 nm AuNPs-based LFIA strips for CRP detection at different concentrations from 0 ng mL-1 to
4000 ng mL-1. (b) Calibration curve of the corresponding colorimetric signals obtained from 45 nm AuNPs-based LFIA strips for CRP
detection at different concentrations from 0 ng mL-1 to 2000 ng mL-1.

Figure S18. (a) Optical images of the specificity evaluation of M-GMNPs-based LFIA strips using CRP and four other inflammatory
biomarkers. (b) SERS spectra collected at the T line of M-GMNPs-based LFIA strips corresponding to CRP and the other
inflammatory biomarkers.

Figure S19. (a) Optical images of time-dependent stability evaluation for M-GMNPs-based LFIA strips at different storage times (0, 7,
14, 21, and 28 days). (b) Corresponding colorimetric signal intensities at the T line and C line of M-GMNPs-based LFIA strips at
different storage times (0, 7, 14, 21, and 28 days).
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