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Abstract
Surface-enhanced Raman spectroscopy (SERS) is a powerful spectroscopic technique offering non-
destructive and ultra-sensitive molecular characterization. Reliable SERS signals are typically generated 
using patterned metal surfaces or metal nanoparticles, primarily composed of gold (Au) and silver (Ag). 
However, the extreme spatial confinement required to form these hotspots (less than 5 nm) necessitates a 
complex fabrication process. Here, we present a novel approach, termed metal-insulator-metal (MIM) 
nanoparticle-enhanced Raman spectroscopy, which achieves robust Raman signal amplification through 
nanoparticles comprising a gold core, an ultrathin silica insulating layer, and surface gold satellites. The 
ultrathin silica layer prevents aggregation, enabling the formation of active SERS regions both between gold 
nanoparticles and on the outer surface. This configuration provides high-quality SERS spectra for liquid 
samples without requiring patterned substrates or stringent nanoparticle manipulation. The optimal MIM 
structure is determined by Finite Element Analysis (FEA) with a 120 nm gold core, a 3 nm silica layer, and 
a 13 nm surface gold nanoparticle. The detection limit of ciprofloxacin using the MIM nanoprobe is 1 pg 
mL-1. By incorporating theory-guided structure-controlled synthesis, our method significantly enhances the 
versatility and accessibility of SERS, paving the way for transformative applications in materials science, 
life sciences, and environmental monitoring.

Keywords: Surface-enhanced Raman spectroscopy (SERS), finite element analysis (FEA), 
self-assembly, colloidal theory, digital assay  
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Introduction
The detection of organic molecules is essential in various fields, including medical 

diagnostics[1], environmental monitoring[2], food safety[3], and chemical analysis[4]. 
Sensitive and accurate molecular detection plays a crucial role in identifying trace amounts of 
target analytes, enabling early disease diagnosis, contamination assessment, and biochemical 
research. Various detection techniques have been developed to achieve high sensitivity and 
specificity, such as fluorescence-based assays, mass spectrometry, and electrochemical 
sensors[5], [6], [7]. However, these methods often require complex sample preparation, 
expensive instrumentation, or suffer from limited molecular specificity. 

Raman spectroscopy, a vibrational spectroscopy technique, is widely used to analyze the 
molecular composition and structure[8]. It works by shining a laser onto a sample and 
measuring the scattered light that undergoes an energy shift due to interactions with molecular 
vibrations. However, conventional Raman spectroscopy suffers from inherently weak signal 
intensity due to the extremely low probability of Raman scattering[9]. To overcome this 
limitation, surface-enhanced Raman spectroscopy (SERS) has been developed, which 
leverages the plasmonic effect of metallic nanostructures to amplify Raman signals by several 
orders of magnitude[9], [10]. Plasmonic metal nanoparticles, such as gold and silver, exhibit a 
unique localized surface plasmon resonance (LSPR) caused by the collective oscillation of free 
electrons on their surfaces when excited by incident light at specific wavelengths, and this 
resonance generates an enhanced local electric field, which significantly boosts Raman signal 
intensity[11]. Studies have shown that extremely narrow gaps (<5 nm) between metallic 
nanostructures, known as “hot-spots,” can dramatically enhance Raman signals by orders of 
magnitude[12].

Despite its high sensitivity, SERS-based sensing still faces challenges in achieving 
reliable quantitative analysis, particularly for detecting target analytes at ultralow 
concentrations. A major limitation arises from the stochastic nature of SERS signals, which 
results from the spatial non-uniformity of hotspot distributions and the dynamic adsorption of 
molecules onto the sensing surface[13], [14]. These fluctuations result in variations in the 
measured Raman intensity, thereby reducing the accuracy and reproducibility of quantitative 
SERS detection. While functionalization strategies can immobilize target molecules near 
hotspots, they cannot fully eliminate signal variability caused by molecular orientation and 
positional uncertainty[15], [16]. Therefore, it is critical to design hotspot patterns with uniform 
density and maximized intensity. Traditional approaches to hotspot optimization fall into two 
major categories: nanoparticle-based and substrate-based configurations. Nanoparticle-based 
sensors leverage closely packed nanostructures such as colloidal nanoparticle clusters[17], 
DNA-origami-assembled dimers[18], [19], and core-shell nanoparticle architectures[20]. 
However, the controlled synthesis of nanomaterials with desired hotspot locations and electric 
field distribution remains challenging, leading to signal inconsistency. On the other hand, 
substrate-based SERS sensors, which utilize uniform nanopatterned surfaces fabricated via 
techniques such as photolithography and deposition, offer improved signal uniformity but 
suffer from issues such as the coffee-ring effect, where nonuniform analyte distribution reduces 
measurement accuracy[21], [22]. The success and limitations of these attempts suggest that the 
development of a SERS sensor with reduced signal variation and improved quantification 
reliability remains a critical research goal.
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Recent advancements have addressed some of these challenges. Highly homogeneous 
nanoparticles with controlled sizes and geometries have been synthesized, enhancing 
reproducibility in SERS measurements[23]. Additionally, digital SERS protocols employing 
single-molecule counting have improved signal reproducibility by converting analog signals 
into digital counts, thereby reducing variability[17]. In this work, we combine simulation, 
theory, and experiment to address these challenges, particularly in designing and synthesizing 
SERS nanosensors with optimized hotspots. We first used finite element analysis (FEA) 
simulations to design a metal-insulator-metal (MIM) nanoparticle-based plasmonic nanosensor 
with optimized enhancement structures. We then employed colloidal theory to develop a 
controlled synthesis and self-assembly strategy for fabricating MIM nanoparticles with desired 
sizes, shell thickness, and final MIM assembly structures. Unlike traditional SERS probes that 
rely on nanoparticle clustering for hotspot formation, our rational design approach allows each 
individual MIM nanoparticle to function as an independent SERS sensor, offering enhanced 
reproducibility and reliability. Our MIM molecular sensor demonstrated superior detection 
sensitivity, achieving a detection limit as low as 1 pg mL-1 for ciprofloxacin, a widely used 
antibiotic, through a digital counting calibration approach. This work represents the first 
realization of a MIM-based SERS probe that operates independently without requiring 
nanoparticle aggregation, marking a significant advancement in quantitative SERS sensing. 
The proposed MIM nanoparticle sensor offers a robust, reproducible, and highly sensitive 
molecular detection platform, with broad potential applications in liquid-phase chemical 
analysis, biomedical diagnostics, and environmental monitoring. 

Materials and Methods
Materials

Chloroauric acid (HAuCl4 ∙ xH2O, 99.995%), trisodium citrate dihydrate (99%), sodium 
borohydride (NaBH4, 98%), potassium carbonate (K2CO3, 99%), sodium hydroxide (NaOH, 
97%), hydroxylamine hydrochloride (NH2OH ∙ HCl, 99%), (3-Aminopropyl)triethoxysilane 
(APTES, 98%), (3-Aminopropyl)trimethoxysilane (APTMS, 97%), sodium silicate solution 
(10.6% Na2O, 26.5% SiO2), hydrochloric acid (37%), 4-Nitrothiophenol (4-NTP, 80%) were 
purchased from Sigma Aldrich. All the materials were used without additional purification. 
Deionized (DI) water with a resistivity of 18.3 MΩ ∙ cm was used in the experiments.
COMSOL Multiphysics® Simulations

The 3D geometry of the MIM nanoparticle is shown in Figure S1A, where the outer cubic 
box represents a perfectly matched layer (PML) used to truncate the computational domain and 
eliminate artificial reflections. The incident plane-polarized electromagnetic wave enters from 
one port and exits through the opposite face of the simulation domain (Figure S1B). The 
meshing scheme was set to physics-controlled (Fine setting) to ensure computational accuracy 
(Figure S1C), while Figure S1D illustrates the detailed meshing of the MIM nanoparticle. The 
final mesh consisted of 329,125 domain elements, 42,820 boundary elements, and 5,393 edge 
elements. A parametric sweep was conducted for incident light wavelengths ranging from 450 
nm to 900 nm in increments of 10 nm. 
MIM nanoparticles synthesis
Synthesis of Gold Nanoparticles (AuNPs)

Exterior AuNPs (~13 nm in diameter) were synthesized using the Turkevich method by 

Page 3 of 21 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 9

/2
2/

20
25

 4
:0

3:
36

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NR03536H

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr03536h


4

rapidly injecting 5 mL of sodium citrate solution (38.8 mM) into 50 mL of boiling chloroauric 
acid solution (1 mM) under vigorous stirring at 1,150 r.p.m[24], [25]. The solution was 
maintained at boiling for 30 min and then allowed to cool to room temperature.

Core AuNPs (~60 nm in diameter) were synthesized by injecting 0.65 mL of sodium 
citrate solution (10 mg mL-1) into 100 mL of boiling chloroauric acid solution (0.1 mg mL-1) 
under vigorous stirring at 1,150 r.p.m. The solution was boiled for 30 min before cooling to 
room temperature.

Larger core AuNPs (~90 nm and ~120 nm in diameter) were synthesized using a seed-
mediated growth method[26]. Au seeds of ~40 nm were first synthesized by rapidly injecting 
1 mL of sodium citrate solution (10 mg mL-1) into 100 mL of boiling chloroauric acid solution 
(0.1 mg mL-1) under vigorous stirring at 1,150 r.p.m. The solution was maintained at boiling 
for 30 min and then cooled to room temperature. To grow larger particles, 4 mL of the 40 nm 
Au seed solution was added to 53 mL of DI water, followed by the addition of 0.9 mL of 
sodium citrate solution (10 mg mL-1). The reaction was continued by adding either 0.9 mL (for 
~120 nm AuNPs) or 0.36 mL (for ~90 nm AuNPs) of chloroauric acid solution (0.1 mg mL-1) 
under stirring for 10 min. Finally, 1.4 mL of hydroxylamine hydrochloride solution (10 mM) 
was added dropwise under vigorous stirring at 1,150 r.p.m.
Ultrathin Silica Coating

Silica coating was applied using a two-step process adapted from previous research, 
involving surface activation with silane agents (APTES or APTMS), followed by silica 
deposition using sodium silicate in aqueous solution[26], [27]. For surface activation, 15 mL 
of core AuNP solution was diluted to 30 mL, and 0.5 mL of silane agent was added under 
vigorous stirring for at least 20 min. Specifically, APTES (0.5 mM) was used for 120 nm and 
90 nm AuNPs, while APTMS (1 mM) was used for 60 nm AuNPs. Silica deposition was 
performed by adding sodium silicate solution (diluted to 0.54% (wt/wt) with DI water and 
adjusted to pH ~10) in the following volumes: 2.8 mL for 120 nm AuNPs, 2.2 mL for 90 nm 
AuNPs, and 1.6 mL for 60 nm AuNPs. The mixture was then placed in a 90°C water bath under 
stirring for 40 min. After the reaction, the solution was centrifuged at 2,000 g for 10 min and 
washed twice with DI water.
Silica Surface Functionalization with APTES

To ensure a positively charged surface, the silica-coated AuNPs were functionalized with 
APTES. A stock solution of APTES (12 mM) was prepared in an EtOH:H2O (3:1, v/v) mixture. 
One milliliter of silica-coated AuNP solution was added to 12 mL of APTES stock solution 
and incubated in a 95°C water bath under vigorous stirring for 1 hour. After cooling to room 
temperature, the solution was centrifuged at 2,000 g for 10 min and washed twice with DI water.
Assembly of MIM Nanoparticles

Immediately after APTES grafting, the silica-coated AuNPs were mixed with exterior 
AuNPs (~13 nm) at a volume ratio of 10:1 under gentle stirring at 200 r.p.m. at room 
temperature for at least 2 hours to facilitate self-assembly. The assembled MIM nanoparticles 
were collected by centrifugation at 1,200 g for 10 min and washed twice with DI water.
Assembly of MIM Nanoparticles with NaBH4-Stabilized AuNPs

A second NaBH4-stabilized assembly approach, adapted from previous work, was 
employed[28], [29]. To initiate the reaction, 0.5 mL of APTES-treated silica-coated AuNP 
solution was added to 10 mL of chloroauric acid solution (10 mM), and the pH was adjusted 
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to ~7 using 0.1 M NaOH. The mixture was then heated in a 75°C water bath under stirring for 
10 min and subsequently cooled to room temperature. Following this step, 100 mL of K2CO3 
solution (280 μg mL-1) and 50 mL of chloroauric acid (1 mM) were sequentially added under 
stirring. To complete the nanoparticle formation, 5 mL of freshly prepared ice-cold NaBH4 
solution (10 mM) was rapidly injected under vigorous stirring. The solution was stirred for 10 
min and left to stand for 2 hours. Finally, the MIM nanoparticles were collected by 
centrifugation at 1,200 g for 10 min and washed twice with DI water.
Material characterization
Scanning electron microscopy (SEM) was performed using a FEI Helios 5CX dual-beam 
scanning electron microscope operating at 20 kV and 21 pA. Transmission electron microscopy 
(TEM) and energy-dispersive X-ray spectroscopy (EDS) were carried out on a Thermo 
Scientific Talos F200i S/TEM at an accelerating voltage of 200 kV. Optical absorbance spectra 
were measured using a Tecan Spark 10M multimode plate reader. Raman spectra were 
recorded with a HORIBA LabRAM AFM-Raman spectrometer. 
SERS measurements
SERS measurements were conducted in a liquid-phase system. A 10 μL of ciprofloxacin 
solution was mixed with 100 μL of MIM nanoparticle solution, followed by 1 min of 
sonication to ensure uniform dispersion. A 10 μL portion of the resulting mixture was then 
deposited onto a clean glass coverslip, and a second coverslip was placed on top to create a 
thin liquid layer. This configuration was carefully positioned under the Raman spectrometer’s 
objective lens, with the focal plane precisely adjusted to the center of the liquid layer for 
optimal signal acquisition. SERS spectra were collected in a point-by-point mapping mode 
using a 633 nm laser (Melles Griot 05-LPL-915-070, Wmax=40mW, 10% intensity) as the 
excitation source, with a grating parameter 300 gr/mm. The acquisition time was set to be 500 
ms per point. A 50 ×  lens (NA=0.75) was used to collect the signals. The diameter of the 

focused spot was approximately 1 𝜇m (1.22×0.633
0.75 ).

Results and discussion
In this work, we designed and synthesized a new MIM nanoparticle configuration for 

SERS applications to address the limitations of conventional plasmonic sensors. While 
previous research has achieved significant advancements in synthesizing homogeneous 
nanoparticles with controlled sizes and geometries, as well as improving signal reproducibility 
through digital SERS protocols for liquid samples, challenges remain in achieving consistent 
and reproducible hotspot formation without relying on nanoparticle aggregation. Our MIM 
structure addresses these challenges by employing a rationally designed plasmonic 
enhancement mechanism on the exterior gold nanoparticle (AuNP) surfaces, enabling each 
nanoparticle to function as an independent SERS sensor. To investigate the plasmonic 
enhancement characteristics of the MIM configuration, we performed finite element analysis 
(FEA) simulations using COMSOL Multiphysics® to compute the local electric field 
distribution. Rather than directly simulating the Raman signal at the molecular level, we 
analyzed the electric field intensity, given that the SERS enhancement factor (EF) is 
approximately proportional to the fourth power of the local electric field enhancement[11]:
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𝐸𝐹 =
|𝐸𝑙𝑜𝑐(𝜔0)|2|𝐸𝑙𝑜𝑐(𝜔𝑅)|2

|𝐸0(𝜔0)|2|𝐸0(𝜔𝑅)|2 ≈  |𝐸𝑙𝑜𝑐(𝜔𝑅)
𝐸0(𝜔0) |4

(1)where 𝜔0 and 𝜔𝑅 represent the incident 

and Raman-scattered frequencies, respectively, and 𝐸𝑙𝑜𝑐 and 𝐸0 are the local and incident 
electric fields. Since the SERS enhancement is fundamentally linked to the local electric field 
amplification, simulating this parameter provides valuable insights into the plasmonic 
performance of our nanostructures.

To comprehensively evaluate the MIM nanoparticle configuration, we calculated the 
electric field distribution upon excitation with linearly polarized light in a water medium, 
employing PML as boundary conditions (Figure S1). The permittivity values of Au and SiO₂ 
were obtained from the COMSOL Multiphysics® material library and varied according to the 
working wavelength[30], [31]. The incident field intensity was set to 1 MW/m2. More details 
of simulation parameters are listed in Table S1. We systematically investigated three key 
structural parameters: (i) the core AuNP diameter (D1), (ii) the silica insulator layer thickness 
(T), and (iii) the exterior AuNP diameter (D2). 

Figure 1A illustrates the simulated electric field distribution for an MIM nanoparticle 
under these conditions. We compared four configurations (Figure 1B–E): (i) a silica-gold core-
shell nanoparticle (D1 = 0, T=126 nm, D2=13 nm), and (ii–iv) MIM nanoparticles with varying 
core AuNP sizes (D1=120, 90, and 60 nm) while keeping T=3 nm and D2=13 nm. The center-
to-center distance of exterior AuNPs was maintained at a minimum of 20 nm to prevent mesh 
intersection.

Compared to traditional core-shell configurations, where hotspots form between small 

Figure 1. FEA simulation of electric field enhancement and distribution on MIM nanoparticles. 
(A) The schematic of the 3D model. (B) Simulation of local electric field distribution for core-
shell structure (D1 = 0, T=128 nm, D2=13 nm) in the X-Z plane with 630 nm incident light. (C) 
Simulation of local electric field distribution for MIM structure (D1 = 120, T=3 nm, D2=13 nm) 
in the X-Z plane with 630 nm incident light. (D) Simulation of local electric field distribution 
for MIM structure (D1 = 90, T=3 nm, D2=13 nm) in the X-Z plane with 630 nm incident light. 
(E) Simulation of local electric field distribution for MIM structure (D1 = 60, T=3 nm, D2=13 
nm) in the X-Z plane with 630 nm incident light. The color bar represents electric field intensity 
(V/m). (F) The extinction cross-section of different configurations in a wavelength range from 
450 nm to 900 nm.

Page 6 of 21Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 9

/2
2/

20
25

 4
:0

3:
36

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NR03536H

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr03536h


7

surface nanoparticles with limited plasmonic activity, our MIM nanoparticles exhibited 
significantly higher plasmonic enhancement[32], [33], [34]. The strongest enhancement was 
observed within the silica insulator layer; however, due to the asymmetry of the structure, the 
electric field was also dramatically amplified near the outer surface of the exterior AuNPs. 
Figure 1F presents the extinction cross-section spectra of the four nanoparticle configurations 
over wavelengths ranging from 450 nm to 900 nm. The extinction cross-section, which 
represents the sum of scattering and absorption cross-sections, serves as an indicator of global 
plasmonic enhancement. The peak extinction wavelengths for the four configurations were 
predicted to be 700 nm, 680 nm, 660 nm, and 650 nm, respectively, with the MIM nanoparticle 
featuring a 120 nm core, 3 nm silica layer, and 13 nm exterior AuNP exhibiting the highest 
plasmonic enhancement. This enhancement arises from two factors: (i) a larger core provides 
an increased surface area, accommodating more exterior AuNPs to generate additional hotspot 
regions, and (ii) the size-dependent plasmonic coupling effect, where larger nanoparticle pairs 
yield stronger plasmonic enhancement.

To further elucidate the influence of structural parameters on plasmonic enhancement, we 
analyzed the electric field distribution along the axis intersecting the core and exterior AuNPs 
(red line in Figure 2A). This allowed us to observe two expected peaks: one within the silica 
insulator layer and another at the outer surface of the exterior AuNP.

• Effect of Core AuNP Diameter (D1): Increasing D1 slightly enhanced the electric field 
at individual AuNP–AuNP junctions (Figure 2B), but more significantly, it increased 
the total surface area, thereby amplifying the overall plasmonic enhancement.

• Effect of Silica Layer Thickness (T): A thinner silica layer significantly enhanced the 
local electric field (Figure 2C), consistent with previous studies demonstrating that 
closer nanoparticle dimers generate stronger plasmonic effects[12]. When T exceeded 
10 nm, the plasmonic enhancement became negligible.

• Effect of Exterior AuNP Diameter (D2): As D2 increased, the electric field intensity on 
the exterior AuNP surface initially increased but then decreased beyond an optimal size 
(Figure 2D). This is attributed to the weakening of the asymmetric field enhancement 
effect as D2 grows larger.

Our findings indicate that optimal plasmonic enhancement is achieved with an MIM 
nanoparticle featuring a large AuNP core, a thin silica insulator layer, and an appropriately 
sized exterior AuNP. This rational design provides a robust and reproducible SERS platform, 
overcoming the limitations of conventional nanoparticle-based SERS sensors.
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The synthesis process of MIM nanoparticles is illustrated in Figure 3. Colloidal AuNP 
seeds were first synthesized using the Turkevich method, where the size of the AuNPs (ranging 
from 10 to 60 nm) was controlled by adjusting the sodium citrate and chloroauric acid 
concentrations[24], [25]. To produce larger AuNPs for the MIM core, we employed 
hydroxylamine hydrochloride as a reducing agent. In this process, citrate-reduced AuNPs 
served as seeds, and hydroxylamine facilitated further growth via the surface-catalyzed 
reduction of Au3+. This approach allows precise size control based on the initial seed diameter 
and the added Au3+ concentration, yielding monodisperse nanoparticles with improved 
uniformity compared to direct citrate reduction[26]. The ultrathin silica coating was initiated 
by surface activation for silanization using APTMS, followed by silica deposition via sodium 
silicate in an aqueous solution. By optimizing the reaction conditions, e.g., adjusting pH and 
increasing the temperature from room temperature to 90°C, the time required for forming a ~4 
nm silica shell was reduced from two days to less than one hour.

For AuNP deposition onto the silica surface, conventional deposition–precipitation 
methods produce AuNPs limited to 2–8 nm, which is insufficient for optimal plasmonic 
enhancement[29], [35], [36]. Instead, we directly assembled AuNPs onto the silica surface, 
guided by colloidal interaction principles.

Figure 2. Electric field distribution under different MIM parameters. (A) The schematic of the 
3D model. The red line represents the axis for electric field intensity distribution study. (B) 
Electric field distributions in the red line of MIM nanoparticles with different core sizes. (C) 
Electric field distributions in the red line of MIM nanoparticles with different shell thickness. 
(D) Electric field distributions in the red line of MIM nanoparticles with different exterior 
AuNP sizes.
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A major challenge in our study is to achieve the precise overall structure predicted by the 
FEA simulations via self-assembly. A standard practice is to use ligands to induce nanoparticle 
self-assembly. However, in our initial attempt to obtain the desired MIM structure using NaBH4 
as the ligand, the resulting structures contained a significant portion of AuNP aggregates 
instead of AuNP-decorated MIM nanostructure (see Figure 4). The failure can be attributed to 
a lack of quantitative understanding of the molecular driving force of self-assembly in the 
colloidal system studied herein.

To precisely control the assembly outcome, one needs to discern the complex and 
entangled interactions in a colloidal solution. Due to the intrinsically different chemical 
identities of the constituent species, such as inorganic nanoparticles, solvents, salts, ligands, 
and other small molecules, it may be impractical to consider the roles and interdependence of 
all chemical species simultaneously. Alternatively, we can extract key influencing factors via 
theoretical approaches from the most fundamental perspectives. Under the Derjaguin-Landau-
Verwey-Overbeek (DLVO) theory, forces between two colloidal nanoparticles are governed 
by the van der Waals (vdW) dispersion and electrostatic interactions[37], [38], [39]. In an 
aqueous solution at a pH value above 3, the silanol groups on the silica surface are deprotonated 
such that the silica-coated AuNPs are likely negatively charged[40]. By chemically grafting 
with APTES, the surface charge is then flipped to be positive, whose value can be estimated 
based on the surface density of silanol groups and APTES (Figure S2A). On the other hand, 
bare small AuNPs carry less significant surface charge but are highly attractive to each other 
due to the strong vdW attractions, thus exhibiting aggregating behavior without proper ligand 
stabilization. Coating ligands on the small AuNPs not only helps prevent aggregation but also 
tunes electrostatic interactions that can be used to modulate self-assembly. To rationalize the 
influences of each type of interaction, identify the key driving force, and propose a solution, 

Figure 3. Schematic of the MIM nanoparticle fabrication process, including gold seed 
synthesis, MIM core growth, ultrathin silica coating, and MIM nanoparticle assembly.
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we performed the following calculations.
The DLVO theory specifies that:

𝑈(𝑟) = 𝑊(𝑟) + 𝑉(𝑟)(2)where 𝑈(𝑟) is the effective potential energy between two 

particles at a center-to-center separation of 𝑟, 𝑊(𝑟) is the vdW dispersion and 𝑉(𝑟) is the 
electrostatic interaction. Here, we employ the theoretical approach described in our previous 
work[41]. The vdW interactions depend on the materials and sizes of the colloidal particles and 
can be calculated from Lifshitz’s theory[42]:

𝑊(𝑟) =  ―
𝐴
6

2𝑅1𝑅2

𝑟2 ― (𝑅1 + 𝑅2)2 +
2𝑅1𝑅2

𝑟2 ― (𝑅1 ― 𝑅2)2 + ln
𝑟2 ― (𝑅1 + 𝑅2)2

𝑟2 ― (𝑅1 ― 𝑅2)2 (3)

where A is the Hamaker constant that depends on particle species, R1 and R2 are the radii of 
interacting particles, and r is the center-to-center distance between two particles. Electrostatic 
interactions were modeled using a sphere-to-sphere approach, given by[43]:

𝑉(𝑟) =  𝜀
𝑘𝐵𝑇

𝑒 𝑦2 𝑅1𝑅2

𝑟2 ln(1 + 𝑒―𝜅(𝑟―𝑅1―𝑅2))(4)where 𝜀 is the dielectric constant, 𝑘𝐵 is 

the Boltzmann constant, 𝑇 is the temperature, 𝑒 is the elementary charge, 𝑦 is the absolute 
surface potential, 𝜅 is the Debye screening parameter depending on the electrolyte, 𝑅1 and 
𝑅2 are the nanoparticle radii, and r is the center-to-center distance between two particles. The 
Debye screening parameter depends on the valency and concentration of the salt used in the 
aqueous solution:

𝜅 =
2𝜌𝒆2

𝜀𝑘𝐵𝑇 𝑥𝑖𝑧2
𝑖

1
2

(5)

where 𝜌 is the salt concentration, 𝑥𝑖 and 𝑧𝑖 are the fraction and charge of ions. The 
electrostatic interaction is critically influenced by the surface potential 𝑦, whose value is 
determined by the surface charge density 𝑞, thus ligand coverage. We can obtain 𝑦 from the 
modified Grahame’s equation[44]:

𝑞 =  
2𝜀𝑘𝐵𝑇

𝒆𝑧 𝜅 2 sinh
Ψ𝑠

2 +
4

𝜅𝑅 tanh
Ψ𝑠

4 (6)

and

Ψ𝑠 =
𝑒𝑧𝑦

2𝑘𝐵𝑇(7)

With the parameters that reflect assembly conditions (Table S2), these equations will 
generate effective potential energy profiles between two nanoparticles, from which we can find 
the contributing factor for small AuNP aggregations with NaBH4 and redesign the assembly 
conditions.

First, we evaluated the effective potentials between small AuNPs and between a small 
AuNP and the large silica-coated AuNP (labeled as SiO2 in Figure 4). We used 1.35 × 10―19

 𝐽  and 1.02 × 10―20 𝐽 for the Hamaker constant for Au and SiO2[45], [46]. We calculated 
the surface potential 𝑦 for the SiO2 nanoparticle based on the grafted ATPES charge density 
of -0.096 C m-2, as illustrated in Table S2. Similarly, we estimated the charge density carried 
by BH4

--coated AuNPs to be 0.24 C m-2 and calculated the electrostatic interaction as a function 
of particle separation accordingly. The most relevant energy profiles are given in Figure 4A-
E. We find that, due to the low charge density carried by NaBH4, the electrostatic repulsion 
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between AuNPs (i.e., the solid line in Figure 4D) cannot overcome the large attractive vdW 
intrinsically to Au (i.e., Figure 4C), thus leading to attraction and thus aggregation (Figure 4E 
and F).

Learning from the DLVO theory, we find that, to achieve the controlled MIM assembly, 
we need to search for a balance where the exterior AuNPs and SiO2 surfaces carry opposite 
charges to induce attraction, while the interactions between two AuNPs and two SiO2-coated 
AuNPs, respectively, maintain sufficiently repulsive to prevent aggregation. We proposed to 
change the ligand for AuNPs from NaBH4 to sodium citrate since it not only energetically 

Figure 4. Theoretical calculation of particle-to-particle interactions and TEM images of 
assembly with different ligands on AuNPs. (A) The effective potential energy profile as a 
function of the center-to-center distance 𝑟 between two large SiO2-coated Au nanoparticles. 
(B) The effective potential energy profiles between a large SiO2-coated Au nanoparticle and 
an AuNP with different ligands. (C) The vdW interaction between two small AuNPs. (D) The 
electrostatic interaction between two AuNPs with different ligands. (E) The effective potential 
energy profiles between two small AuNPs with different ligands are obtained by summing up 
the values in (C) and (D). TEM images of assembly with (F) NaBH4 and (G) sodium citrate as 
ligands, respectively.
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favors Au(111) (i.e., the representative surface on a small AuNP) and thus increases surface 
coverage but also significantly increases charge density per area (Figure S2B, C)[47]. Our 
theoretical calculation on the effective interactions between AuNPs using a surface coverage 
of 3 molecules per nm2 of citrate[48] is shown as the dashed red line in Figure 4E, which 
suggests unlikely AuNP aggregation due to a repulsive barrier. In addition, the more negatively 
charged AuNPs are more attractive to the positively charged SiO2-coated AuNPs, reflected as 
the dashed brown line in Figure 4B, which further induces attachment of the small AuNP on 
the large SiO2-coated AuNPs. Our experimental result yields the expected outcome, i.e., a 
uniform AuNP distribution on the silica surface (Figure 4F).

By carefully tuning assembly parameters – including surface ligand chemistry, salt 
concentration, pH, and particle size – we successfully synthesized MIM nanoparticles in three 
distinct size configurations, as shown in Figure 5. We synthesized three MIM nanoparticle 
cores with different sizes, each coated with a silica shell averaging 3.6 nm in thickness (Figure 
5A). The ultrathin silica layer was further confirmed by the TEM characterization and 
elemental mapping using EDS, as shown in Figure S3. The assembly of large MIM 
nanoparticles, with randomly yet uniformly distributed exterior AuNPs, is shown in Figure 
5B, while Figure 5C provides a broader field-of-view image. Figures 5D and 5E present the 
small and medium-sized MIM nanoparticles. Their average core sizes are 124 nm, 89 nm and 
62 nm, respectively (Figure 5F). The exterior AuNPs have an average diameter of 13 nm. 
Notably, as the core-to-exterior AuNP size ratio decreases, the distribution of exterior AuNPs 
becomes less uniform. In the smaller MIM nanoparticles, slight clustering and pinhole defects 

Figure 5. Characterization of MIM nanoparticles. (A) SEM image showing a uniform and 
ultrathin silica layer coated on the surface of 120 nm AuNPs. (B) SEM image of self-assembled 
MIM nanoparticle (D1 = 120, T=3 nm, D2=13 nm). (C) SEM image of MIM nanoparticles (D1 
=124, T=3 nm, D2=13 nm) with a larger field of view. (D) SEM image of small MIM 
nanoparticles (D1 = 62, T=3 nm, D2=13 nm). (E) SEM image of medium MIM nanoparticles 
(D1 = 89, T=3 nm, D2=13 nm). (F) Core AuNP size distribution for the three types of MIM 
nanoparticles.
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are observed, indicating a size-dependent assembly behavior. Additionally, we found that the 
concentration of APTES plays a critical role in modulating surface AuNP loading: increasing 
APTES concentration leads to a higher number of attached AuNP satellites, reaching an 
average of ~52 per MIM nanoparticle (Figure S4). These structural variations are further 
reflected in the absorbance spectra of the three MIM nanoparticle types, as shown in Figure 6.

To evaluate the SERS performance of the MIM nanoparticles, we first validated their 
activity using a standardized probe molecule, 4-nitrothiophenol (4-NTP), which features 
distinct Raman fingerprints and well-documented enhancement factors. The spatial uniformity 
and signal reproducibility of the MIM-based SERS platform were further confirmed through 
2D Raman mapping (Figure S5), while the calculated enhancement factor is detailed in the 
Supplementary Information and presented in Figure S6. To investigate the influence of silica 
shell thickness on hotspot accessibility and overall SERS enhancement, we synthesized MIM 
nanoparticles with silica shells of approximately 6.9 nm, 3.6 nm, and ~2 nm. STEM images of 
the Au@SiO2 cores and SEM images of the assembled MIM structures are shown in Figure 
S7A–F. Corresponding SERS spectra of 4-NTP obtained from these MIM variants are 
displayed in Figure S7G and H. The results demonstrate that thinner silica shells yield stronger 
SERS signals, in agreement with FEA simulations predicting higher electric field enhancement 
at reduced core–satellite distances. However, when the shell thickness is reduced to ~2 nm, 
structural defects such as pinholes[26] and incomplete coverage become prominent (Figure 
S7F), compromising uniformity and potentially diminishing signal consistency. Based on this 
tradeoff between enhancement and structural reliability, we selected a silica shell thickness of 
3.6 nm as the optimal configuration, offering both robust enhancement and reproducible MIM 
assembly.

Following this validation, we applied the MIM sensor – specifically, the large MIM 
configuration (core diameter D1 = 124 nm, silica shell thickness T = 3.6 nm, satellite AuNP 
diameter D2 = 13 nm) – to detect ciprofloxacin, a fluoroquinolone antibiotic, in a label-free 
manner.  The analyte solutions were mixed with the MIM nanoparticle suspension at a 1:10 
ratio, and 10 μL of the resulting mixture was used for SERS measurements.

SERS spectra were collected for ciprofloxacin concentrations ranging from 10 ng mL-1 to 
100 fg mL-1, with representative spectra shown in Figure 7A. The Raman spectra exhibited 
distinct characteristic peaks at 1309.94 cm-1, 1381.02 cm-1, 1488.49 cm-1, and 1570.72 cm-1, 

Figure 6. Absorbance spectra of the three MIM nanoparticles.
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consistent with previously reported values. The peak at 1570.72 cm-1 corresponds to the C=O 
stretching vibration and C–C stretching of the pyridine ring, while the peak at 1488.49 cm-1 is 
associated with the O–H in-plane bending and C–C stretching modes[49]. The peak at 1381.02 
cm-1 is attributed to a combination of CH2 wagging and C–C stretching, while the peak at 
1309.94 cm-1 is linked to the twisting deformation of CH2 groups[49], [50], [51].

To assess the quantitative molecular sensing capability of the MIM nanoparticles, SERS 
mapping was performed across various ciprofloxacin concentrations. However, at lower 
concentrations, we observed significant Raman intensity fluctuations, which can be attributed 
to variations in molecular orientation and the heterogeneous electromagnetic field distribution 
within the MIM’s hotspots[13], [14]. These fluctuations lead to high variability in signal 
intensity, rendering conventional Raman peak-based calibration methods unreliable for 
accurate quantification at ultralow concentrations. To overcome these limitations, we 
employed a digital SERS analysis approach, inspired by the principles of digital bioassays[14], 
[52]. The core idea behind digital assays is to partition an extremely dilute solution into small 
detection volumes, allowing individual signal detection events to be interpreted as arising from 
single molecules. By leveraging the enhanced plasmonic properties of MIM nanoparticles, this 
approach enables reproducible quantification of ultralow analyte concentrations, with 
sensitivity constrained only by Poisson noise in the measurement process.

In our experimental setup, a 50 ×  objective lens (0.5 NA) was used to acquire Raman 
spectra in a point-by-point mapping mode (10 × 10 grid, totaling 100 measurements) over a 
50 × 50 μm2 area. The monodisperse nature of the MIM nanoparticles ensured homogeneous 
dispersion within the liquid sample, leading to uniform molecule-hotspot interactions 
throughout the scanning region.

For digitization, each acquired spectrum was categorized as positive (‘1’) or negative (‘0’) 
based on the intensity of a predefined Raman characteristic peak. The maximum intensity (𝐼𝑚𝑎𝑥) 
within the characteristic peak window was extracted after applying despiking, Savitzky-Golay 
smoothing, and baseline correction by a penalized least-squares approach[53]. The 
ciprofloxacin signature peak window (1560 cm-1 – 1580 cm-1) was used to determine 𝐼𝑚𝑎𝑥. To 
classify spectra as either positive or negative, 𝐼𝑚𝑎𝑥 was compared against a threshold intensity 
(𝐼𝑡), which was experimentally determined as 𝐼𝑡 = 𝑥 +10𝜎, where 𝑥  is the mean intensity 
and 𝜎 is the standard deviation within a non-characteristic spectral window (940 cm-1 – 970 
cm-1), chosen to avoid interference from Raman peaks or background noise. A crucial 
requirement for digital SERS detection is the presence of well-defined, interference-free 
characteristic peaks to ensure unambiguous molecule identification. By converting analog 
intensity values into binary (1/0) signals, the concentration of ciprofloxacin can be quantified 
based on the number of positive detections out of 100 measurement points.
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Figures 7B–G present the digitized SERS maps obtained for ciprofloxacin concentrations 
ranging from 10 ng mL−1 to 100 fg mL−1. Each blue pixel represents a detection event (𝐼𝑚𝑎𝑥 >
𝐼𝑡), signifying the presence of ciprofloxacin molecules, while gray pixels correspond to null 
detections. The digital counts (i.e., the number of ‘1’ signals out of 100 total measurements) 
were plotted against ciprofloxacin concentration, yielding a linear digital calibration curve 
(Figure 7H). This digital SERS approach significantly extends the linear detection range down 
to 1 pg mL⁻¹, enabling reliable quantification at ultralow concentrations. These results show 

that MIM nanoparticles combined with digital SERS analysis can be used to directly quantify 
ciprofloxacin at ultralow concentrations without requirements for preconcentration and 
separation steps.
Conclusion

In conclusion, by integrating FEA-guided nanoparticle design, precise synthesis, and 
digital SERS quantification, we established a robust framework for highly sensitive and 
reproducible molecular detection. We first employed FEA simulations to investigate the 
plasmonic properties of MIM nanoparticles and determine the optimal structural configuration 
for maximizing electromagnetic field enhancement. The FEA simulations guided the selection 
of an optimal core size, silica shell thickness, and exterior AuNP arrangement, ensuring 
maximal plasmonic enhancement and efficient hotspot formation. Specifically, the simulations 
revealed that near-field enhancement is maximized with a larger Au core, a thinner silica shell, 
and appropriately sized exterior AuNPs. Specifically, the analysis identified an optimal 
configuration with a 120 nm core, a uniform 3 nm silica shell, and well-distributed 13 nm 
exterior AuNPs, which ensures efficient hotspot formation while minimizing signal 

Figure 7. SERS spectra of ciprofloxacin using the MIM molecular sensor, and the calibration 
based on the digitalization process. (A) Representative Raman spectra of ciprofloxacin with 
concentration of 10 ng mL-1 (i), 1 ng mL-1 (ii), 100 pg mL-1 (iii), 10 pg mL-1 (iv), 1 pg mL-1 (v) 
and 100 fg mL-1 (vi). The last spectrum represents the background (BG). (B-G) show digital 
mapping for ciprofloxacin concentration ranging from 10 ng mL-1 to 100 fg mL-1. The blue 
cells correspond to positive signals, while the white cells correspond to negative signals. (H) 
Digital calibration curve for ciprofloxacin at extremely low concentrations.
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suppression caused by excessive clustering. Guided by these insights, we synthesized MIM 
nanoparticles with three different core sizes (124 nm, 89 nm, and 62 nm) while maintaining a 
uniform silica shell thickness of ~3.6 nm. 

In parallel, we incorporated colloidal force calculations based on the DLVO theory to 
provide insights into the self-assembly structures of AuNP-decorated silica-Au core-shell MIM 
nanoparticles. Based on the characteristic nanoparticle information, such as size, material, 
ligand, and their coverage, we quantified the vdW attractions and electrostatic repulsions 
among colloidal nanoparticles. Based on the theoretical calculations, we identified an optimal 
balance of interparticle forces using sodium citrate as the ligand to achieve optimized MIM 
nanoparticles with uniform exterior AuNP distribution while minimizing undesirable 
aggregation or pinhole formation. Experimental characterization confirmed the monodispersity 
of MIM nanoparticles, validating both theoretical predictions and fabrication reproducibility. 

Furthermore, digital SERS analysis provided a robust and quantifiable detection strategy 
at ultralow analyte concentrations, overcoming signal fluctuations associated with traditional 
intensity-based measurements. To evaluate the SERS sensing capability of the MIM 
nanoparticles, we employed the optimal large-core configuration (D1 = 124 nm, T = 3.6 nm, 
D2 = 13 nm) to detect ciprofloxacin at ultralow concentrations. While the Raman spectra 
exhibited characteristic peaks corresponding to ciprofloxacin, intensity fluctuations were 
observed at low concentrations due to molecular orientation variability and heterogeneous 
hotspot distribution. To address these limitations, we implemented a digital SERS approach, 
which converts Raman signals into binary detection events based on a predefined intensity 
threshold. This method enabled reliable detection, extending the quantifiable concentration 
range down to 1 pg mL-1, significantly improving sensitivity and reproducibility compared to 
conventional intensity-based calibration. The established digital calibration curve 
demonstrated excellent linearity, enabling reliable molecular detection down to the picogram 
per milliliter range. This integrated approach, i.e., combining computational modeling, 
colloidal assembly principles, and experimental validation, highlights the potential of MIM-
based digital SERS platforms for next-generation molecular sensing applications, particularly 
in biosensing, environmental monitoring, and medical diagnostics.

This study highlights the potential of computationally driven nanomaterial synthesis for 
advancing biomedical diagnostics, environmental sensing, and pharmaceutical analysis. Future 
research may focus on refining FEA models for additional molecular targets, improving 
nanoparticle functionalization strategies for enhanced selectivity, and expanding the digital 
SERS approach to multiplexed detection platforms.
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