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Plasmonic coupling-based biosensors have been conventionally quantified by bulk spectroscopic or color
measurement methods. Such detection schemes limit assay sensitivity due to the high background noise of
bulk measurement. In this work, we developed a digital plasmonic assay platform for sensitive biomarker
detection by enumerating individual plasmon-shifted nanoclusters via single-nanoparticle darkfield
scattering imaging. The assay is based on a pair of gold (Au) and silver (Ag) nanoparticles (NPs) that are
functionalized with high-affinity surface ligands such as antibodies for target recognition. Molecular
binding induces the formation of nanoparticle clusters with plasmonic features distinct from those of
individual Au or Ag NPs, which can be counted digitally without the need for complex chip or droplet
compartments. We systematically investigated nanoparticle—protein interactions during bioconjugation
and revealed different effects of absorbed proteins on nanoparticle stability. Under optimized conditions,
we achieved a limit of detection (LOD) of 107.5 fM for the detection of biotinylated gold nanoparticles
with this assay. FDTD simulation was also performed to investigate different plasmonic coupling effects
of various Au—Ag, Ag—Ag, and Au—Au combinations. Finally, a particle counting algorithm was developed
to quantify individual nanoparticle clusters from darkfield scattering images with high accuracy. With
a rational assay design and simple synthesis procedure, this simple digital assay platform could be
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Introduction

Sensitive and accurate protein molecule detection is vital in
biological and biomedical fields. For example, the detection of
protein cancer biomarkers in serum or oral samples, also
known as “liquid biopsy”, provides a means for early diagnosis
of cancer, which helps customize treatment plans for
patients." Moreover, sensitive antibody profiling of individuals
could help monitor infectious diseases such as COVID-19 and
determine the stage of disease progression,** which provides
important epidemiological information for disease surveillance
and control.® Although point-of-care (POC) assays such as
lateral flow assays (LFAs) have recently become more commer-
cially available,” the enzyme-linked immunosorbent assay
(ELISA) remains the gold standard method for protein detec-
tion. However, drawbacks of ELISA, such as laborious blocking
and washing steps, large sample volume, lower sensitivity than
nucleic acid amplification assays, and expensive plate reader
devices, restrict its broader applications.
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engineered for high-sensitivity protein target detection for disease diagnostics.

Digital assays have emerged as a new assay design strategy in
recent years, providing an easy-to-adopt approach to improve
detection sensitivity for both protein and nucleic acid analyses.
In contrast to traditional “analog” assays, where continuous
signal intensity is measured from a bulk sample medium,
digital assay signals are measured from spatially discrete
compartments. By partitioning samples into a large number of
small reaction chambers, each compartment is allowed to be
loaded with “0” or “1” target molecule. The local enrichment
effect increases the signal-to-noise ratio (SNR) in individual
compartments, overcoming the low SNR challenges in conven-
tional analog assays.** Protein detection can benefit signifi-
cantly from digital assay technique as proteins cannot be easily
amplified to multiple copies like nucleic acid targets. A number
of protein-targeting digital assays have been previously devel-
oped using different partitioning configurations, including
microbead-based compartments, micro-bubbling,* water-
in-oil droplets,” and microwells.”»** However, complex
compartment generation methods, including microwells and
microfluidic droplets, are inevitable in these assay techniques,
limiting their applications in POC settings.

Plasmon coupling is one of the most studied sensing
mechanisms for plasmon-resonant nanoparticles. As the
distance between two plasmonic nanoparticles falls below
around 2.5 times the particle diameter,* the plasmon modes
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from each particle hybridize, which causes a redshift of the
plasmonic peak of the coupled nanoparticle.*?>® Plasmon
coupling between nanoparticles significantly changes the
spectroscopic profile of the nanoparticles in both peak wave-
length and intensity. The fractional redshift of plasmonic peaks
(AA/2¢) can describe the relative strength of coupling, which
decays exponentially as the distance increases.”” The scattering
intensity of the coupled nanoparticle dimer also increases due
to the increased scattering cross-section. While plasmon
coupling sensors are conventionally characterized by bulk
analytical methods such as spectroscopy®® or color measure-
ment* of the ensemble nanoparticles, these optical changes
have also been measured recently by single-nanoparticle
imaging or spectroscopy measurements to improve detection
sensitivity.**** However, direct correlation of the number of
plasmon-coupled nanoparticles to target concentration is rarely
reported.

By combining plasmonic nanoparticles and single-particle
counting, we propose a novel digital assay based on surface-
confined reactions. This new digital plasmon coupling assay
can be performed in bulk solution without the need for complex
microfluidic droplet generation or microwell chip fabrication.
After the reaction, the coupled nanoparticles can be deposited
on glass slides for single-particle digital counting. In this
design, the surface of the nanoparticle is essentially the
compartment unit, where surface reactions such as antibody-
antigen binding can occur. In the presence of target molecules,
the surface ligands of two nearby nanoparticles can capture the
same target and form an immunocomplex. As the surface
reaction occurs only at the interface of two nanoparticle
surfaces, this strategy works in the same way as other digital
assays that partition the entire reaction volume into small,
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discrete compartments. For quantification, coupled nano-
particles where reactions occur will be regarded as positive or
“1” signal, while single nanoparticles with no surface reactions
will be regarded as negative or “0” signal. As the number of
surface reactions on the nanoparticles increases, the coupled
nanoparticle population will also increase.

In this work, we demonstrated a proof-of-concept digital
plasmonic assay based on the plasmon coupling effect between
silver (Ag) and gold (Au) nanoparticles (NPs). Streptavidin-
biotin interaction was used to mimic the antigen-antibody
interaction. By facile and efficient physical adsorption of
proteins, streptavidin-silver nanoparticles were synthesized
and optimized for stability. Plasmon coupling reaction between
streptavidin-silver (SA-AgNP) and biotin-gold nanoparticle (Bt-
AuNP) was demonstrated via UV-Vis spectroscopy, darkfield
microscopy, and electron microscopy. In addition, a systematic
FDTD simulation study on the plasmonic shift for coupled
nanoparticles with different nanoparticle sizes and material
combinations was conducted to obtain the strongest signal
enhancement from plasmon coupling. Finally, a counting
algorithm was developed to fully quantify the color and, hence,
different populations of nanoparticles from darkfield micros-
copy images. This simple and effective digital plasmonic assay
platform may open up a wide range of prospective applications,
such as high-sensitivity protein biomarkers, antibody detection,
and disease diagnostics.

Results and discussion

Assay overview

The principle of the single-nanoparticle digital plasmonic assay
is shown in Fig. 1. The assay consists of two types of plasmonic
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Fig. 1 Schematic of the digital plasmonic coupling assay based on streptavidin—biotin interaction.
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probes, Au NPs and Ag NPs, respectively. Au and Ag NPs were
chosen due to their relatively large scattering cross-section,
distinct resonant peaks under darkfield scattering conditions,
and significant plasmonic coupling effect (also see the FDTD
simulation section).*** For a proof-of-concept, Au NPs are
functionalized with biotin (Bt-AuNP) and Ag NPs are conju-
gated with streptavidin (SA-AgNP), respectively. The biotin—
streptavidin interaction is used to construct a demonstration
assay; however, this interaction can be replaced with biomarker-
specific recognition ligands such as antibodies, peptides, or
aptamers. When Bt-AuNP and SA-AgNP meet in the solution,
Ag-Au complexes are formed guided by the streptavidin-biotin
interaction. When the interparticle distance between the
nanoprobes in the complex is 3-5 nm or smaller, plasmon
overlap occurs, which changes the wavelength and intensity of
the main plasmonic peaks of the extinction spectra. Darkfield
microscopy can be used to easily detect the coupled nano-
particles by monitoring color changes, followed by a simple
deposition of the coupled nanoparticles onto a glass slide. By
counting the population of coupled particles and uncoupled
particles, a relationship between particle amount and target
concentration in the solution can be established.

Nanoparticle functionalization and optimization

Protein-conjugated plasmonic nanoparticles have been
synthesized in many different ways.**® The two dominant
approaches include chemical conjugation and physical
adsorption.**™** Chemical conjugation permanently links the
nanoparticle surface with the functional groups in the protein,
such as carboxyl, amine,**** and thiol** groups. On the other
hand, physical adsorption or passive adsorption relies on
physical interactions between the protein and the surface of the
nanoparticle, including electrostatic or hydrophobic interac-
tions. In this work, one-step functionalization of silver nano-
particles was achieved by physical adsorption of SA onto citrate-
capped Ag NPs. Similar to other proteins, we believe SA spon-
taneously adsorbs on the surface of Ag NPs, mainly through
electrostatic and hydrophobic interactions.***” The plasmonic
peak of the Ag NPs shifted from 419 nm to 426 nm after
adsorption of SA, indicating a change in the local refractive
index and hence successful conjugation with SA (Fig. S1a).

It is important to obtain uniform and stable Ag NP conjugates
and prevent them from agglomeration during the synthesis and
purification, and before reaction with other plasmonic nano-
particles. However, we found that maintaining the stability of SA-
AgNPs during centrifugation poses a significant challenge.
Significant agglomeration and aggregation were observed by UV-
Vis spectroscopy after removing SA-AgNPs from the protein
reaction mixture by centrifugation (Fig. S1b). Darkfield scattering
imaging also revealed the aggregation of SA-AgNPs after centri-
fugation. Instead of the characteristic blue color from single Ag
NPs, the aggregates exhibit yellow to orange scattering color
owing to broadening of the resonant scattering peak into the
longer wavelength range (Fig. S1c and d).

To optimize protein adsorption and nanoparticle stability,
we investigated different experimental conditions, including
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conjugation time, stoichiometric ratio of reagents, and the
effect of stabilizing agents such as bovine serum albumin (BSA).
First, we found that the reaction time did not significantly affect
the nanoparticle stability up to 60 minutes. The peak wave-
length and absorption (Abs) remained relatively stable over 60
minutes of adsorption and decreased thereafter (Fig. S2a and b).
To maximize SA adsorption on the Ag NP surface while mini-
mizing peak absorption reduction, a reaction time of 60
minutes was adopted for all subsequent experiments.

Interestingly, we found that higher amounts of SA resulted in
lower stability of SA-AgNP after centrifugation. When 1 mg
per mL SA (18.18 uM) was added to the OD2.5 AgNP solution
(42.6 pM), with the SA volume increased from 0.5 to 10 pL
(corresponding to 95 to 1652 nM) in the reaction mixture, the
absorption peak of SA-AgNP widened and the peak absorption
value decreased after purification (Fig. 2a and S3a). It should be
noted that SA is always in a large excess compared to AgNP in all
the controls (SA/AgNP molar ratio ranging from 2123:1 to
42477 :1) (Fig. S1). We calculated the normalized decrease in
peak absorption (normalized AAbs), where

AAbs

Normalized AAbs = ——————
AbS@Apeak.bel‘ore

x 100%

This value was used to quantitatively describe the stability of
the SA-AgNPs. Smaller normalized AAbs values after centrifu-
gation indicate more stable SA-AgNPs. Fig. 2b shows increasing
normalized AAbs with increasing amounts of SA added from 0.5
uL to 10 pL. When 20 pL of SA is added, the normalized AAbs is
less than that with 10 pL SA but still higher than that with lower
SA concentrations. The high nanoparticle instability induced by
SA concentration is attributed to the protein corona effect,
where excess protein leads to protein denaturation and
a reduction in the surface charge on the nanoparticles, ulti-
mately contributing to nanoparticle aggregation.

To address this issue, we examined the use of BSA as
a blocking agent together with SA. BSA has been widely used in
molecular assays to passivate surfaces and reduce nonspecific
adsorption of proteins.***° BSA has also been used to stabilize
gold nanoparticles and prevent aggregation under high ionic
strength.> The quantity of additional BSA added was chosen to
be 50% and 100% of the SA. With BSA added, the UV-Vis spectra
of SA-AgNP after centrifugation became less widened than
those with no BSA controls (Fig. S3b and c). Fig. 2c and d show
that with 50% and 100% BSA added, both AAbs and normalized
AAbs from both groups are lower than those without BSA. The
use of 100% BSA resulted in slightly higher stability than with
50% BSA at lower SA amounts (below 5 pL). These results
indicate that the addition of BSA enhanced the stability of SA-
AgNP after centrifugation. The normalized AAbs under all
conditions (with and without BSA) are compiled in the heatmap
shown in Fig. 2e for better visualization and comparison. Based
on these results, we found that adding 0.5 pL SA solution and
100% BSA provided the best result. We also found that adding
BSA did not affect the aforementioned reaction time to achieve
maximized SA adsorption (Fig. S2c—f). These results confirm
that BSA can effectively stabilize the nanoparticles, even under

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Effect of SA and BSA adsorption on Ag NP stability. (a and b) Peak absorptions and normalized decrease in peak absorption (normalized
AADbs) of SA-AgNPs before and after centrifugation, as assessed by UV-Vis measurement, with different amounts of SA added. (c and d) Effect of
BSA on peak absorptions and normalized AAbs before and after centrifugation, as assessed by UV-Vis measurement. (e) Heatmap of normalized

AAbs for different amounts of SA and BSA after centrifugation.

excess SA. Compared to previous blocking protocols with
a typical final BSA concentration of approximately 1%, a much
lower BSA concentration of 0.00025% (or 37.4 nM) was used in
this work without significantly affecting the results.?>*

The SA-AgNP conjugates were also characterized with other
methods in addition to UV-Vis spectroscopy. Dynamic light
scattering (DLS) measurements showed that SA-AgNPs retained
a well-dispersed narrow size distribution (PDI < 0.25) after
centrifugation when a low concentration of SA was used (e.g.,
0.5 puL per 100 pL of Ag NPs, or final SA concentration of 60.6
nM) with or without BSA (Fig. 3a). The average hydrodynamic
diameter, calculated either from the number weighted-mean
(Num-averaged) or scattering intensity-weighted mean (Z-aver-
aged), increases with increasing amounts of BSA (Fig. 3b).
Similarly, the zeta potential also increases with increasing
amounts of BSA (Fig. 3c). These results can be attributed to the

© 2025 The Author(s). Published by the Royal Society of Chemistry

formation of a protein corona surrounding the Ag NPs. TEM
images (inset of Fig. 3a) show that SA-AgNP remains dispersed
after purification, which is consistent with the DLS (Fig. 3a) and
UV-Vis results (Fig. S3).

In order to further understand the adsorption of streptavidin
on Ag NPs, we fitted the shifted wavelength using the Langmuir
adsorption model (R*> = 0.92) (Fig. S4) in the same way as re-
ported in previous studies.***® Because SA is in large excess (ca.
10°-10° times) over AgNP, it can be assumed that the initial
concentration of SA can be regarded as the equilibrium
concentration. The highest SA concentration was not included
in the fitting because the plasmonic peak no longer redshifts,
meaning the adsorption has saturated. The binding constant
between SA and 50 nm Ag NP was calculated to be 3.4 x 107
M. The value was on the same order of magnitude as other
binding constants for protein-AgNP**** and protein-AuNP.*’

Nanoscale Adv., 2025, 7, 5720-5734 | 5723
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Fig. 3 Characterization of SA-—AgNPs with optimized SA amount. (a)
Z-Averaged size distribution for Ag NPs before and after SA adsorption
and purification, measured by DLS. PDI for size distribution were 0.24,
0.21, 0.18, and 0.17. Inset: TEM image of SA—Ag NP with 50% BSA. (b)
Num-averaged and Z-averaged sizes for silver NPs before and after SA
adsorption and purification. For the DLS measurements, the Ag NPs
were diluted 10 times from the stock solution/reaction mixture,
yielding a final concentration of 4.28 pM (Ag NP) and 2.85 pM (SA-
AgNP). (c) Zeta potential for Ag NPs before and after SA adsorption and
purification.

However, it is noteworthy that large discrepancies exist between
reported protein-nanoparticle binding constants measured
with different approaches.

The maximum spectral peak shift can also be used to esti-
mate the thickness of the adsorbed layer on the nanoparticle
surface. The maximum wavelength shift (AAmay) is proportional
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to the change in the local refractive index and can be estimated
from the following equation:

2d

A/‘kmax = m(nads - nmedium) l—e &

where m is the refractive index (RI) sensitivity, 7,45 and Zmedium
are the refractive indexes for the adsorbate and medium,
respectively, and d and [ are the thickness of the adsorbed layer
and the characteristic length, which depends on the material,
respectively.®*>®* The equation describes the wavelength
response to local refractive change in LSPR sensors. The RI
sensitivity m depends on the size, material, and surface ligand
of nanoparticles.®® For 50 nm AgNPs, the m has been reported to
range from approximately 160 nm ' (ref. 63 and 64) to 200
nm™ %% For estimation, the RI sensitivity value m was taken as
160, adsorbate RI as 1.45 (SA),*® medium RI as 1.33 (water), and
the characteristic decay length as 6 nm.®® With these values, the
adsorbed layer thickness d can be calculated as 1.77 nm from
the experimental data. From the literature, the adsorbed
protein monolayer thickness varies from 1.45 nm to 6 nm in
different studies.®® Our estimated layer thickness (1.77 nm) thus
matches well with literature values. Based on both Langmuir
adsorption fitting and protein absorption layer thickness esti-
mation, we conclude that the monolayer adsorption model is
effective in describing the adsorption of SA molecules on Ag NPs
in our case.

Based on the adsorption model, we proposed plausible
reasons for SA-induced aggregation of nanoparticles, especially
at high SA concentrations. Previous studies showed that higher
concentrations of proteins could induce nanoparticle aggrega-
tion, during which the protein conformation changes.®”*® In
this theory, protein molecules unfold on the nanoparticle
surface and could serve as crosslinkers between nanoparticles,
leading to irreversible aggregation. Under higher SA concen-
trations, we conclude that SA-AgNPs underwent similar
dynamics, leading to AgNP aggregation. As the SA amount
increased to 20 uL, we noted a decrease in normalized AAbs,
indicating slightly improved nanoparticle stability (Fig. 2b). A
possible reason could be that SA has already reached saturation
adsorption on the Ag NP surface at a volume of approximately
10 uL SA. Introduction of more SA leads to the formation of
a multilayer protein corona instead of monolayer adsorption.
The multilayer protein corona reduced the probability of
protein denaturation for the outermost layer of proteins,
thereby reducing the crosslinking and aggregation of the
nanoparticles.

BSA has been found to bind with metallic nanoparticles in
many ways, including hydrophobic interaction,** metal-sulfur
coordination,® and electrostatic interaction.” As BSA has an
isoelectric point (pI) between 4.7 and 5.1, and is negatively
charged in neutral solutions, hydrophobic interaction and
metal coordination could be more dominant forces than elec-
trostatic interaction in its binding with citrate-capped Ag NPs,
which are also negatively charged. BSA could occupy the vacant
adsorption sites on Ag NPs and reduce the high-density

© 2025 The Author(s). Published by the Royal Society of Chemistry
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adsorption of SA, acting as a blocking agent on the nanoparticle
surface. Therefore, BSA can reduce the nonspecific adsorption
of SA-AgNPs onto the tubes or form hard pellets at the bottom
of the tube under strong g-force during centrifugation (Fig. S5).

It is interesting to note that although SA and BSA have
similar molecular weights, their influence on Ag NP stability
differs. The difference in charge between SA and BSA might play
a role in the different adsorption behaviors. The recombinant
SA we used has a neutral isoelectric point (pI) of 6.8, while BSA
has a lower pI of between 4.7 and 5.1.”* As such, BSA is slightly
more negatively charged than SA under neutral conditions. A
more negatively charged nanoparticle surface could generate
a stronger repulsive force between nanoparticles than between
neutrally charged surfaces.”” Although the binding constants
between SA-AgNP and BSA-AgNP systems were not measured in
this work, further studies could focus on the cooperative
adsorption mechanism and dynamics of SA and BSA binding on
metallic nanoparticles using fluorescence quenching spectros-
copy methods.>

In addition to adding BSA, the formation of a hard pellet and
nanoparticle aggregation could also be avoided by reducing the
nanoparticle concentration during centrifugation (Fig. S6) or
adding surfactants (Tween 20) to the reaction mixture before
centrifugation (Fig. S7). Both methods reduced both plasmonic
peak broadening and absorption peak decrease after centrifu-
gation, which was validated by both UV-Vis spectroscopy and
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darkfield scattering microscopy. While adding surfactants
further improved the nanoparticle dispersity, we found that
simply reducing the nanoparticle concentration is sufficient to
prevent nanoparticle aggregation, without possible interference
on the surface reactivity of nanoparticles from the adsorbed
surfactant molecule. Finally, in addition to using citrate-capped
Ag NPs, which may be susceptible to oxidation and pH, highly
stable and robust Ag NPs have also been synthesized,””* which
could be used in the future to address the stability issue.

Demonstration of the digital plasmonic coupling assay

The proof-of-concept of the digital plasmon coupling assay was
carried out using SA-AgNPs previously synthesized with Bt-
AuNPs. The strong affinity and mild reaction conditions
between streptavidin-biotin make it ideal for mimicking the
antigen-antibody interaction for protein detection. Most
commercially available biotinylated nanoparticles use a long
PEG chain as the linker between the biotin and the nano-
particle.”®”” While this strategy increases the stability of the
nanoparticles, the PEG linker is too long for plasmon coupling
to occur. Instead, we chose a Bt-AuNP probe with a short linker
of only four carbon atoms between biotin and gold. Fig. 4a
shows the extinction spectra of dispersed SA-AgNPs and Bt-
AuNPs, exhibiting their characteristic plasmonic peaks at
426 nm and 571 nm, respectively. Darkfield scattering micros-
copy confirmed the good dispersity of both silver and gold

50 nm AgNP

100 nm AuNP.

Fig.4 Plasmon-coupling between SA—AgNPs and Bt—AuNPs. (a) Normalized UV-Vis spectra of 50 nm SA—AgNPs and 100 nm Bt—AuNPs before
the plasmon coupling reaction. (b and c) Darkfield scattering images of 50 nm SA—-AgNPs and 100 nm Bt—AuNPs before reaction. (d) Normalized
UV-Vis spectra of 50 nm SA-Ag NPs and 100 nm Bt—AuNPs after the plasmon coupling reaction. The molar ratio of AQNP/AuNP ranges from
100:1 to 2:1. (e—h) Darkfield scattering images of Ag—Au mixtures at different molar ratios of AGNP/AuUNP (100:1, 50:1, 10:1, to 2:1). All

nanoparticles were dispersed in water.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nanoparticles in the solution (Fig. 4b and c). The blue scattering
color from single SA-AgNPs and yellow-green scattering color
from Bt-AuNPs match their plasmonic peaks with the UV-Vis
results. For assay demonstration, different amounts of Bt-
AuNPs were mixed with the SA-AgNPs (Ag/Au molar ratio =
100:1 to 2:1). When the St-AuNPs were introduced, a new
plasmonic peak appeared at around 630 nm, indicating the
plasmonic coupling between gold and silver nanoparticles
(Fig. 4d). As more Bt-AuNPs were added to the SA-AgNPs miXx,
this new plasmon coupling peak increased in intensity (Fig. 4d).
Darkfield scattering microscopy further confirmed the forma-
tion of new nanoparticle clusters (Fig. 4e-h). A new population
with a distinct pink-red scattering color emerged from the blue
colored background of single BA-AgNPs when increasing
amounts of Bt-AuNPs were introduced (Fig. 4e-h). The
plasmon-coupled nanoparticles were brighter than both single
SA-AgNPs and Bt-AuNPs. In contrast, in the control experiment
using unfunctionalized Ag NPs and Au NPs, the nanoparticles
retained their original scattering color as single particles,
meaning neither surface reaction nor plasmon coupling
between gold and silver nanoparticles occurred (Fig. S8). The
nanoparticle solution sample can also be completely dried out
for easy counting. Despite the slight scattering color difference
due to the different refractive indices of water versus air, the
conclusion remained the same: the relative amount of plasmon-
coupled particles increased as more Bt-AuNPs were added to
the SA-AgNPs. No color change was observed for the control
groups (without surface functionalization) after mixing (Fig. S9
and S10).
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To further validate the formation of nanoclusters between
SA-AgNPs and Bt-AuNPs, we obtained electron microscopy
images for individual and plasmon-coupled gold and silver
nanoparticles (Fig. 5). From transmission electron microscopy
(TEM) images, we observed the assembling of larger gold and
smaller silver NPs (Fig. 5a and b). The distance (ca. 3-5 nm)
between gold and silver nanoparticles in Fig. 5b is sufficiently
small for plasmon coupling to occur. Electron dispersive X-ray
spectroscopy (EDS) analysis was also carried out to identify
the elemental composition of the nanoparticle clusters. It is
clear that the silver element distribution overlapped with
smaller nanoparticles while the gold element distribution
overlapped with larger nanoparticles (Fig. 5c). The EDS spec-
trum showcased the characteristic energy peaks for silver and
gold, respectively (Fig. 5d). More plasmon-coupled nano-
particles could be observed from larger field of view (FOV) TEM
images (Fig. S11a), while no plasmon-coupled nanoparticles
were observed in the control group without surface function-
alization (Fig. S11b).

We also performed scanning electron microscopy (SEM) and
darkfield scattering microscopy from the same region of
interest (ROI) to correlate darkfield scattering color with actual
nanoparticle structures (single or cluster) (Fig. 5e-g). Fig. 5e and
f show the same ROI from darkfield scattering microscopy and
SEM. The zoomed-in SEM images (Fig. 52) show four nano-
structures contributing to particle scattering in Fig. 5e. Only the
particle in image Fig. 5g(2) is a single Ag NP as revealed by the
SEM image, corresponding to the blue color in the darkfield
scattering; the other three are Au-Ag clusters, with
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Fig. 5 TEM and SEM characterization of plasmon-coupled silver and gold nanoparticles. (a) TEM, (b) STEM, and (c) EDX images of plasmon-
coupled silver and gold nanoparticles. (d) EDX elemental analysis shows characteristic X-ray peaks from silver and gold nanoparticles. (e)
Darkfield scattering and (f) SEM image of plasmon-coupled silver—gold nanoparticles from the same region of interest. (g) Zoomed-in SEM

images of individual nanocomplexes from regions 1-4 in (f).
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characteristic pink-red scattering color in the darkfield due to
plasmonic coupling. We systematically studied the relationship
between nanoparticle color in the darkfield scattering images
and nanoparticle morphology as confirmed by SEM, the results
of which are summarized in Fig. S12. We conclude that blue-,
cyan- and green-colored nanoparticles represent single Ag NPs
or oligomers of 50 nm Ag NPs. Brighter yellow-colored nano-
particles are 100 nm Au NPs. The nanoparticles with the highest
brightness on the image are plasmon-coupled Au-Ag nano-
particles, which have the highest scattering intensity and
longest scattering wavelength among all nanoparticles. This
color map is used to classify different populations of nano-
particles in the counting step. To summarize, UV-Vis spectros-
copy, darkfield optical microscopy, and electron microscopy
studies demonstrated the assembly and plasmonic coupling
between SA-AgNPs and Bt-AuNPs mediated by the surface
reaction of streptavidin and biotin.

FDTD simulation of plasmonic coupling

As a classic theory in light-nanoparticle interaction, Mie theory
has been used to predict the optical properties and calculate the
extinction, absorption, and scattering spectra of nanoparticles
that matched well with experimental results.”®”® However, the
difficulty of calculating the optical spectra for more complex
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geometry, such as dimers and clusters, limited its application in
this study. Finite-difference time-domain (FDTD) is a powerful
computational method to simulate the electromagnetic field in
nanophononics, especially for plasmonic materials.”®* In this
method, Maxwell's equation is solved on a spatial grid.
Absorption and scattering spectra can be simulated by applying
the Fourier transform to the time-dependent fields. We per-
formed FDTD simulation to predict the plasmonic coupling
effect and, more importantly, to prove Ag-Au pairs would
generate larger red-shifts after coupling than Ag-Ag or Au-Au
combinations.

To begin with, the scattering, absorption, and extinction
spectra for single gold and silver nanoparticles were first
simulated using both Mie theory calculations and FDTD
simulations (Fig. S13). The accuracy of the FDTD simulation
was validated by comparing the spectra with those calculated
from Mie theory, including peak position and peak shape. The
results show that the two methods agreed very well (Fig. S13). As
the Ag and Au NP size increases, the scattering component
becomes more dominant in the extinction spectra (Fig. S13c
and d). For larger nanoparticles, multiple peaks appear, corre-
sponding to dipole and quadrupole plasmonic modes.**

We then simulated the scattering spectra (Fig. 6a) and the
extinction spectra (Fig. 6b) for a single 50 nm Ag NP, a single
100 nm Au NP, and Ag-Au dimers. Here, the dimer is chosen as

b _____Single Ag50
8.0E-14 4 __ Single Au100
o Dimer Ag50-Au100 Gi)nm
o &g 6.0E-14 - 563 nm
0L D
S 5 40E-14 -
-5 JT —
g ¢ 20E-14 %
W J
0.0E+00 T T T T !
300 400 500 600 700 800
Wavelength (nm)
Type of Peak shift Enhancement -
i A2 (nm) factor A\*E
E=Gimer/ S0
Ag50+Ag100 130 4.4 574.5
Ag50+Au100 232 43 1003.7
Au50+Ag100 187 0.7 130.9
Au50+Au100 72 38.7 2798.9

Fig. 6 FDTD simulation of plasmon coupling between silver and gold nanoparticles. (a) FDTD simulated scattering spectra of a single 50 nm
AgNP, single 100 nm AuNP, and a dimer of Ag50-Aul00; (b) FDTD simulated extinction spectra of a single 50 nm Ag NP, single 100 nm AuNP,
and a dimer of Ag50—-Aul00; (c) FDTD simulated scattering spectra of four representative combinations between 50 nm and 100 nm silver/gold
nanoparticles; (b) summarized analysis of the simulated scattering spectra for four combinations between 50 nm silver/gold and 100 nm silver/
gold nanoparticles. Water was used as a medium for all simulations (n = 1.33).
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a simple model for plasmonic coupling. The plasmon-coupled
dimer exhibited redshifted resonant wavelengths and
increased intensity compared to single nanoparticles (green
curves, Fig. 6a and b). In particular for the scattering spectra,
the plasmon-coupled Ag-Au dimer exhibited a new plasmonic
peak at 656 nm, the scattering intensity of which was approxi-
mately 4.5 and 1.3 times stronger than the single Ag and Au
nanoparticles, respectively (Fig. 6a). The simulated scattering
properties are consistent with the darkfield scattering micros-
copy results, in which Ag-Au nanoclusters exhibited a bright
red-pink color (Fig. 4h).

To provide more insight into the rational selection of the
nanoparticle size and composition of the gold/silver nano-
particles, we performed a thorough FDTD analysis of the scat-
tering spectra of plasmon-coupled nanoparticle dimers with
different combinations of gold and silver nanoparticles (ten
combinations in total, see Table S2 and Fig. S14). Fig. 6¢ and
d show the FDTD results of four of the ten combinations of
50 nm and 100 nm nanoparticles we simulated. For quantitative
comparison, we focus on two parameters that can describe the
degree of plasmon coupling; namely: (1) wavelength shift (AX =
Adimer — Ao, Where 4, is the starting plasmonic wavelength of
individual Ag or Au NPs), and (2) peak intensity enhancement
factor (E = oqimer/00, Where oy is the starting peak cross section
of individual Ag or Au NPs). A large peak shift A2 is beneficial for

b
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color visualization, while a large enhancement factor E is
beneficial for single-particle detection from background scat-
tering noise. To take both factors into account, the product AA
x E is calculated for each combination. Both Ag50/Au100 and
Au50/Au100 combinations have large AA x E (Fig. 6d). However,
although the Au50/Au100 combination yields a larger value in
the product, this is largely due to the very low scattering
intensity of 50 nm Au NPs. For real applications, the weak
scattering of 50 nm Au NPs would complicate single-particle
imaging. Moreover, the Au50/Au100 combination only exhibi-
ted a plasmonic shift of 72 nm in peak wavelength, which is the
smallest among the four combinations (Fig. 6d). In contrast, the
combination of Ag50/Aul00 showed the largest scattering
wavelength shift and also relatively high scattering intensity
enhancement. A complete analysis for all ten possible combi-
nations between 50 nm and 100 nm gold and silver nano-
particles is summarized in Fig. S14 and Table S2. The
conclusion still holds true that the Ag50-Au100 combination
provides the largest peak shift and second-largest enhancement
among all the combinations. The greater spectral coupling of
Ag-Au than the Ag-Ag or Au-Au homodimer is attributed to the
formation of hybrid plasmonic modes due to asymmetric
charge distribution between Ag and Au and therefore a larger
energy splitting (wavelength shift) than symmetric dimmers.
The simulation results not only match with the experimental

a 1050 - = Blue particle counts
[ Convert RGB into HSV ] = Green particle counts
£ 900 1. Yellow particle counts
S 750 4 = Red particle counts
L 4 o
o J
Set color range for blue, ® 600
green, and red © 450 -
l £ 300 |
Q- 150 |
Plot contour along 0 i -ﬂﬁ_ =
detected particles Q & S D
60« -\e \Qg' ‘b\e ef@\o'\q' e\o R \: € 0:‘; :QT:\Q'
v QQQQ Q- '\Q @‘9@ \\Q’s\ N W.-v N
(" Apply Minimum Size Filter ) c
&
Color Consistency Filter 0.8 - y =2.0819x + 0.0273
\ to remove noise ) 0.7 | R2 = 0.9964
o X 06
* S 05 -
([ Check minimum distance ) =4 gi
between particle centers to g *E 04 -
prevent overcounting | o° 8 03 -
& 5 02 - " —e—R percentage python
-, y " 2044 . Linear (R percentage python)
Particles counts output 0 d J v ¥ Y Y !
L ) 0 005 01 015 02 025 03 035

Fig. 7 Single-particle counting for the digital plasmonic coupling assay.
types of nanoparticles based on darkfield scattering microscopy images. (
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(a) Flowchart of the counting algorithm for quantification of different
b) Blue, green, yellow, and red particle counts from darkfield scattering

microscopy images with different silver to gold molar ratios. (c) Linear fitted relationship between the percentage of gold nanoparticles in the
reaction mixture and the percentage of red particles counted in the image.
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observations but also explain why the Ag-Au pair was chosen for
the digital plasmonic coupling assay.

Single-nanoparticle counting with darkfield scattering images

In the final step, the plasmon-coupled nanoparticles need to be
accurately counted for target quantification. A well-developed
image processing algorithm is key to the sensitive detection of
plasmon-coupled nanoparticles. In previous studies on dark
field microscopy-based assays, an automated particle recogni-
tion and counting algorithm was developed.***** For our assay
platform, we also developed a particle-counting algorithm in
the Python environment. Based on the color map developed
previously (Fig. S12), our code detects and counts four colors:
blue, green, yellow, and red. These four colors correspond to
single silver, silver oligomer, single gold, and gold-silver
coupled nanoparticles, respectively.

As illustrated in the flow diagram in Fig. 7a, the RGB scat-
tering images were first converted into HSV color space to
minimize the difference in lighting conditions and exposure
settings during image acquisition. Hue, saturation, and
threshold values were then optimized and determined for each
of the four colors. With the color threshold, a mask was
generated containing all identified nanoparticles. Contour lines
were then drawn outside the detected particles for visualization.
A minimum-size filter was added to expel noise dots from the
total particle population. Similarly, color consistency was
calculated so dots with too much color variance were also di-
scarded as noise. Finally, a minimum-distance filter was added
to prevent double counting. In the case of double counting, the
distance between two counted particles is too small to be
counted as two particles. Fig. 7b shows the particle counting
result from the image set shown in Fig. 4e-h. The percentage of
red particles (Ag-Au coupled clusters) increased as the Ag/Au
ratio decreased from 100:1 to 2:1. We then plotted the
percentage of red particles as a function of the percentage of Au
NPs in the nanoparticle mixture (Fig. 7c). A good linear rela-
tionship was observed between the counted red particle
percentage and the Au NP percentage in the reaction mixture.
One hypothesis is that all the Bt-AuNPs reacted with SA-AgNPs
since Ag NPs are always present in excess in the mixture. The
result shown in Fig. 7c indicates that the red particle percentage
is an accurate indicator of the population change of plasmon-
coupled nanoparticles in the mixture. The LOD on detecting
biotinylated gold nanoparticles was estimated to be 107.5 fM
(100 :1 group). Although a small portion of Ag NPs agglomer-
ated during the preparation of the sample, this did not affect
the linearity of the fitted curve and thus the validity of the
quantification results from this analytical method. Images from
dry samples were also quantified using a similar counting
algorithm (Fig. S15). Similarly, the red particle percentage is an
effective indicator for plasmon-coupled nanoparticles.

Conclusion

In this study, we have demonstrated the feasibility of con-
structing a digital plasmonic coupling assay by single-particle

© 2025 The Author(s). Published by the Royal Society of Chemistry
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imaging and counting. This new digital assay format removes
the need for sophisticated microarray chip fabrication or
droplet generation in conventional digital assays. Instead, the
assay can be easily run in the bulk solution and later deposited
on glass slides for digital readout. Using streptavidin and biotin
as proof-of-concept, we developed a model assay using 50 nm Ag
NPs and 100 nm Au NPs functionalized with streptavidin and
biotin, respectively. Both scattering wavelength shift and scat-
tering intensity increase of the coupled Ag-Au nanoclusters are
observed, making it a promising assay platform for highly
sensitive detection. We investigated in detail the stability of the
protein-coated nanoparticles and observed different effects of
SA and BSA in promoting nanoparticle stability. We also
demonstrated the rational selection of Ag-Au pairs by
a systematic simulation of the scattering spectra of coupled
dimers using FDTD. A robust single-particle counting algorithm
based on color recognition was also developed in Python. The
system could be further extended to antibody-antigen interac-
tions in the future, for real sensing applications.

Methods

Synthesis of streptavidin-conjugated silver nanoparticles (SA-
AgNP)

0.5-20 pL of 1 mg per mL streptavidin (Thermo Fisher Scientific
Inc.) solution was added to 100 pL of 50 nm citrate-capped silver
nanoparticle solution (Cytodiagnostics Inc.) with an optical
density (OD) of 2.5, and mixed in an Eppendorf tube. To
synthesize bovine serum albumin (BSA) protected SA-AgNP,
streptavidin and BSA (Sigma-Aldrich) solution were premixed at
different ratios and added to the AgNP solutions. The reaction
mixtures were left at room temperature for 80 min and then
centrifuged at 4500 rpm for 20 minutes. After the supernatant
was removed, the pellet was resuspended in 100 pL deionized
(DI) water. Detailed reaction conditions and the final concen-
trations of reagents are listed in Fig. S1.

Formation of plasmon-coupled silver-gold nanoclusters

Biotin-conjugated 100 nm gold nanoparticles (Bt-AuNP) with
a short 4C linker (Nanopartz) were diluted by 25x from the
original concentrated stock solution. Then, different amounts
of Bt-AuNP solutions were added to 100 uL SA-AgNP solution
(OD = 0.83). The gold and silver nanoparticle mixed solutions
were diluted to the same final volume of 125 pL with DI water.
The reaction mixtures were incubated at room temperature for 2
hours with shaking.

UV-Vis spectroscopy and data analysis

The UV-Vis absorption spectra of the nanoparticle solutions
were measured with a multimode plate reader (Varioskan LUX,
Thermo Fisher). The typical measurement volume was 100 pL
per well. Due to the difference in path length, the OD value from
the plate reader was converted into the standard OD measured
in a 10 mm cuvette by multiplying by a conversion factor (~3.2x
of OD value from the plate reader) before converting into molar
concentration. The decrease in peak absorption (AAbs) was
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calculated as the difference in absorption peak intensity before
and after centrifugation:

AAbs = Abs@lpeak,before - Abs@xpeak,aﬂer

The normalized decrease in peak absorption (normalized
AAbs) was calculated as:

AAbs

Normalized AAbs = ———
Abs@xpeak,before

x 100%

The following equation was used to fit the UV-Vis data of
protein absorption into the Langmuir adsorption isotherm:

AA Kc

0= Aor 1+ Ke

where ¢ is the surface coverage, A is the shifted absorption
peak between protein-adsorbed AgNP and citrate-capped AgNP,
K is the binding constant of the protein and AgNP, and c is the
equilibrium concentration of the protein.

Darkfield scattering imaging

The sample for darkfield scattering imaging was prepared by
adding 3 pL of diluted nanoparticle solution onto a glass slide,
which was sealed with a coverslip. After settling the nano-
particles, darkfield images were recorded with an Olympus
BX43 microscope with a 40x objective lens (Olympus,
UPlanFLN, NA0.75), a dark field condenser (Olympus, U-DCW,
NA1.2-1.4), and an Olympus DP74 color camera with a 0.63
C-mount adaptor. Images were acquired with CellSens Entry
software with 100 ms exposure time and 16x gain. For dry
samples, glass slides were plasma-treated for 30-60 s before
nanoparticle solution application. The surface treatment
promotes solution spread on the glass slide and therefore
minimizes nonspecific nanoparticle aggregation due to the
drying effect.

Dynamic light scattering (DLS) characterization

The size distribution and zeta potential were collected by DLS
with a Malvern Zetasizer Nano-ZS particle size analyzer. Briefly,
1 mL of diluted nanoparticle solution was added to a standard
cuvette and inserted into the cuvette holder. The scattering
signal was obtained by the 173-degree back-scattering method.

Transmission electron microscopy (TEM) characterization

5 pL of diluted nanoparticle solution was added onto a TEM
copper grid (01800, Ted Pella) and then extra liquid was wicked
off with paper tissue. The TEM images were collected on
a Thermo Fisher Talos F200X TEM using 200 kV acceleration
voltage and a Thermo Ceta CMOS camera for imaging. Scanning
transmission electron microscopy (STEM) imaging was per-
formed at 200 kV acceleration voltage, using a high-angle
annular dark field (HAADF) camera. Energy dispersive spec-
troscopy (EDS) data were also collected in STEM mode, using an
EDS detector.
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Scanning electron microscopy (SEM) characterization

The same glass slides used for darkfield scattering microscopy
were completely dried before gold sputtering. Then, 5 nm gold-
palladium (Au-Pd) was sputtered on the sample. The SEM
images were collected on a FEI Verios 460L Field Emission SEM
with 2 kV acceleration voltage and 13 pA beam current using
a through-the-lens detector.

FDTD simulation

The finite-difference time-domain (FDTD) method was used to
simulate the scattering, absorption, and extinction spectra for
silver, gold, and coupled nanoparticles. The FDTD simulation
was conducted using Ansys Lumerical software (version 2022
R2.1). The mesh size was set to be between 0.75 nm and 2 nm,
depending on the size of the nanoparticles. The simulation time
was set to 1000 fs at 300 K. An s-polarized (90° polarization
angle) plane source with 300-1000 nm wavelength was used to
study the absorption and scattering power cross-section
responses. The refractive index of the surrounding media was
set as 1.33 (water).

To calculate the scattering and absorption spectrum, scat-
tering and absorption power were obtained first in the time
domain. Briefly, the scattering power was calculated as the sum
of the Poynting vector radial component integration from
positive and negative x, y, and z directions of the simulation
box. The absorption power was calculated as the opposite of the
scattering summation. Both scattering and absorption cross
section were obtained from the power by dividing by the inci-
dent intensity. Finally, the extinction cross-section was calcu-
lated as the sum of scattering and absorption cross-sections. To
validate the effectiveness of the FDTD simulation, plasmonic
spectra from Mie theory were also generated using the tool
based on previous work.**

Single-nanoparticle counting algorithm

The algorithm for single-nanoparticle counting and color
identification was developed in Python. Basically, each RGB raw
image in TIF format from the microscope was converted into
HSV space first. After thresholding using a predefined color
map, particles with different colors could be extracted. The
counted particles were further checked for size, distance to
neighboring particles, and color consistency to ensure no
particle was repeatedly counted. Around 500-1000 and 1500-
2500 particles were counted from wet and dry samples,
respectively.
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