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Realizing plasmonic nanogaps with a refractive index (n = 1) environ-
ment in metallic nanoparticle (NP) structures is highly attractive for a
wide range of applications. So far in self-assembly-based approaches,
without surface functionalization of metallic NPs, achieving such
extremely small nanogaps is challenging. Surface functionalization
introduces changes in the refractive index at nanogaps, which in turn
deteriorates the desired plasmonic properties. In addition, fabrication
of low-density dimer NP designs with smaller nanogaps poses a big
challenge. Here, we introduce a simple and straightforward self-
assembly-based strategy for the fabrication of low-density, isolated
dimer gold nanoparticles in a nano-particle-on-metallic-mirror (NPoM)
platform. A minimum interparticle gap distance between NPs of
~3 nm is achieved without surface functionalization. This is possible
by utilizing the M13 bacteriophage as the spacer layer instead of SiO; in
NPoM. Density functional theory calculations on Au atom adsorption
on SiO, and M13 bacteriophage surface constituents trace the NP
assembly on the latter to a comparatively weak interaction with the
substrate. Our study offers an attractive route for fabricating low
density plasmonic dimer structures featuring small nanogaps and will
enrich structure specific/isolated studies benefitting a variety of opti-
cal, actuator, and sensing applications.

Introduction

Plasmonic nanostructures have attracted much attention owing
to their extreme light confinement at the nanoscale, allowing
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New concepts

In this work, we introduce a simple, cost-effective, self-assembly approach to
fabricate low-density dimer nanoparticles (NPs) in a nanoparticle-on-metallic-
mirror (NPoM) architecture, achieving interparticle gap distances as small as
~3 nm. Utilizing the M13 phage as a spacer layer, we avoided the need for
metallic surface functionalization, one of the common strategies often
employed to fabricate dimers. DFT calculations provide new insights into
why the use of SiO, hinders dimer formation, revealing the formation of strong
Au-Si bonds that restrict NP mobility, unlike the weakly bonded structures on
the M13 phage. This approach offers significant potential for creating tunable
and dynamic plasmonic devices. Due to humidity, a dynamic change in the
M13 phage film’s thickness produces a plasmonic scattering peak shift, with
full reversibility. These findings extend the versatility of plasmonic nanogaps
for applications in sensors, dynamic optical devices, and emitter interactions,
advancing the field beyond current fabrication techniques.

the manipulation of light below the diffraction limit.*”® This
capability of plasmonic nanostructures allowed them to be
developed for highly efficient applications in multidisciplinary
fields spanning physics, chemistry, and life sciences.*™?
In particular, three strategies are commonly employed to control
the plasmonic properties by the distance, dielectric environment,
and carrier doping.” Out of these, distance control is one potential
method to achieve superior plasmonic properties. By controlling
the distance between metallic nanoparticles (NPs), it is possible to
modify the localized surface plasmon resonance (LSPR) wave-
length, large near-field strength within the nanogap, hybridization
of plasmonic modes, emitter interactions at the nanocavity,
plasmon dephasing process, and so on."* "’

Dimer NPs positioned on a dielectric film/metallic mirror
substrate or so-called nanoparticle-on-mirror (NPoM) designs is
one of the good candidates to demonstrate the abovementioned
properties.'®* So far, specific distance control between dimer
NPs>*° have been obtained either with lithographical
assistance’>?®*® or by metallic surface functionalization like
DNA mediated self-assembly,>>° programmable molecular
assembly,?” support via ligands or polymers,*®*° electrostatic
self-assembly,’®*> and few others.***> However, the surface
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Fig. 1 Schematic illustration of (a) dense aggregation of metallic nano-
particles on top of a spacer layer/metallic mirror substrate. (b) Self-
assembly of low-density dimer nanoparticles with clear isolation from
each other on top of a spacer layer/metallic mirror substrate without any
lithography based assistance or surface functionalization, which is the
focus of this work.

functionalization of metallic nanoparticles introduces changes
in the refractive index (with n # 1) in particular if it occurs close
to the nano-gap (interparticle distance or hot-spot), which in
turn deteriorates the plasmonic properties. Without these assis-
tances, when metallic NPs are deposited on top of a substrate
(for example SiO,), aggregated nanostructures may form.***”
Often this aggregation hinders the investigation of structure
specific optical interactions. For example, in densely assembled
NPs on a substrate, the contribution of optical properties
(for example, near-field enhancement and LSPR resonance)
comes from the sum of closely self-assembled multiple nano-
particles (Fig. 1a). The questions will be whether and how we can
extract optical results from an isolated structure specific inter-
action (for example, dimer NPoM only), independently? One good
strategy is to test with a low density of metallic NPs without
involving any surface functionalization. Considering these factors,
the necessity to develop a self-assembly strategy (without involving
lithographical assistance) to fabricate a dimer NP in NPoM
architectures without hindering a hot-spot environment (refrac-
tive index) will be highly advantageous for numerous applications.
Furthermore, achieving a multitude of tunable plasmonic proper-
ties from a single plasmonic design will be significantly attractive.
In this work, we show such merit-design by introducing a
simple self-assembly fabrication approach without involving
any surface modifications or lithographical assistance to fabri-
cate dimer NPoMs (hereafter d-NPoMs). We aim to achieve
fabrication of low-density NPs on a substrate through a self-
assembly approach with a clear spatial isolation of dimer
metallic NPs (Fig. 1b). This is possible by replacing the tradi-
tional SiO, with a biomaterial (M13 bacteriophage or M13
phage) thin film. An advantage of using the M13 phage is that
it is not only limited to plasmonics but also extends to
applications such as biosensors and actuators, due to its
selectivity enabled by genetic engineering and its broad range
of activation possibilities.**>! Under similar fabrication condi-
tions, we analyzed the formation of d-NPoMs on SiO, versus the
M13 phage. Using density functional theory (DFT) simulations,
we investigate how the M13 phage biofilm acts as an excellent
template in achieving self-assembly of low-density dimers as
opposed to SiO,. We successfully tested the reproducibility of
achieving such low-density d-NPoMs. Plasmonic scattering
properties of d-NPoMs with varied thickness of the M13 phage
layer are investigated. Finally, we demonstrate the dynamic
properties of d-NPoMs involving the M13 phage, where it is
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possible to modify the wide range of LSPR resonances from a
single structure. We believe that developing such low-density d-
NPoMs will help in enhancing design specific studies for
precisely understanding a multitude of optical properties.

Experimental and methods section
Simulations

Optical simulations are carried out using a three-dimensional
electromagnetic solver based upon the finite-difference time-
domain method (Lumerical FDTD, ANSYS Optics).”>*>
A plane-wave broadband light source is used to excite the
plasmonic nanostructure in a normal direction from the top.
Perfectly matched layer boundary conditions are employed in
XYZ directions. A box-shaped monitor is positioned close to the
NPoM nanostructures to extract the scattering spectra. 3D
surface charge density distribution mappings are calculated
by considering the following factors: outward normal vector,
local electric field, and skin effect.'”>*> A mesh size of 5 nm is
generally employed in our model with a mesh over-ride size of
0.5 nm surrounding the NPoM structure. The refractive indices
used in the model are as follows: Johnson and Christy (Au),
Palik (SiO,) and 7 = 1.37 for the M13 phage.*>>">*°

Density-functional theory (DFT) calculations are performed
using the Vienna Ab-initio Simulation Package (VASP).>® The
electron exchange correlation is treated within the generalized
gradient approximation (GGA) using the PBE functional.”” The
electron-ion interactions are within the projector-augmented
wave (PAW) scheme.’®*® The van der Waals interactions are
accounted for by Grimme’s DFT-D approach®® with the Becke-
Johnson damping function.®® The electron wavefunctions are
expanded in a plane wave basis up to a cut-off energy of 550 eV.
All structures are relaxed until the total forces are lower than
0.02 eV A™". A dipole correction®® is used to reduce spurious
electric fields arising from the periodic boundary conditions
due to the non-equivalent slab surfaces.

Fabrication of plasmonic NPoMs

Gold coated Si substrates are utilized for SiO, and M13 phage
based NPoM structures. A 100 nm thick gold film is deposited
on Si using an e-beam evaporator. SiO, is deposited on the Au/
Si substrates using a plasma-enhanced chemical vapor deposi-
tion (PECVD) method at 350 °C. Au NPs of 75 nm size (Nano-
Composix, 1 mg mL ') are then spin-coated on a SiO,/Au/Si
substrate. For the NPoMs involving the M13 phage as the
spacer layer, a spin coating strategy is utilized. Initially, wild
type M13 phage suspensions are prepared by dispersing the
phages in a buffer solution made up of Tris-buffered saline
(12.5 mM of Tris and 37.5 mM of NaCl, pH 7.5). The concentra-
tions of the M13 phage solutions are then estimated through an
ultraviolet-visible spectrometer (EVO300PC, Thermo Scientific),
and a Beer-Lambert law calculation. To deposit different thick-
nesses of M13 phage film, the spin-coating method (1500 rpm,
120 seconds) is employed. By modifying the concentration
(3 mg mL™", 4 mg mL™", 5 mg mL ™", and 6 mg mL™") of M13

This journal is © The Royal Society of Chemistry 2025
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phage solutions, it is possible to deposit nanometer-thick bio-
films in the range of 10 nm, 20 nm, 30 nm, and 40 nm,
respectively. Au NPs (1 mg mL ") are then spin-coated on M13
phage/Au mirror to form low-density dimer NPs. Scanning
electron microscopy (SEM) measurements were taken using an
S-4800 scanning electron microscope (Hitachi).

Atomic force microscopy

The height profiles of M13 phage biofilms are measured using
an NX10 AFM (Park Systems) in non-contact mode and XEP
3.0.4 data acquisition software. The AFM images are then
postprocessed using the XEI 1.8.2 image program (Park Sys-
tems). We used an PPP-NCR specialized probe for non-contact
measurements (Nanosensors).

Optical characterizations

Plasmonic measurements of NPoMs are carried out using a
bright field (BF)/dark field (DF) microscope (Olympus BX53M).
The nanostructures are illuminated with an unpolarized halogen
lamp source and scattering light is recorded from the sample
using a 100x (0.9 NA) objective lens in DF mode. The fiber optic
spectrometer (US/USB4000, Ocean Optics) connected to the micro-
scope is used to measure the scattering spectra via SpectraSuite
software. A home-built humidity chamber with a controlled
moisture flow inlet monitored by the humidity sensor is designed
to conduct dynamic optical measurements. Initially, any presence
of moisture inside the chamber is removed by passing dry N2 gas

View Article Online
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and confirmed with a humidity level sensor. Variation of relative
humidity levels (RH 20% to 90%) in an increment of 10% is
carried out to measure the dynamic plasmonic scattering spectra.

Results and discussion
Why we need a dimer NPoM architecture?

Fig. 2 shows the plasmonic properties of a single NPoM
(s-NPoM) and a dimer NPoM (d-NPoM) architecture. A schematic
of a s-NPOM design (Fig. 2a) and its corresponding plasmonic
scattering results (simulated) in Fig. 2(b and c) as a function of
spacer layer thickness “¢” is shown. The tunability of a localized
surface plasmon resonance (LSPR) wavelength is highly sensitive
to “t” as shown from these results. From ¢ = 2 nm to 6 nm, the
resonant scattering wavelength is shifted from 578 nm to
550 nm. For ¢ > 6 nm, we find that there are negligible or no
peak scattering wavelength shifts as we increase the thickness of
the spacer layer. To understand the underlying optical differ-
ences, we can split these plasmonic scattering properties into
two regions (Fig. 2¢): the green color shaded region displaying
the presence of a strong gap-plasmonic coupling or gap-mode
(GM) in the nanocavity region of the s-NPoM structure; the light
yellow color shaded region displaying weak scattering properties
due to the absence of the GM. This is also reflected in a near-
field enhancement |E/E,| (see Fig. S1a, ESI}). Single-NPoMs are
well known for their strong gap plasmonic coupling, high quality
factor, Purcell enhancement, and the ability to confine photons
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(a) Cross-sectional illustration of a single NPoM (s-NPoM) design. (b) Simulated plasmonic scattering results from s-NPOM as a function of spacer

layer thickness “t". (c) Deterioration of gap mode (GM) as a function of spacer layer thickness “t” in s-NPoM. (d) Cross-sectional illustration of a dimer
NPoM (d-NPoM) design. (e) Simulated plasmonic scattering results from d-NPOM as function of spacer layer thickness “t". (f) Displaying better plasmonic
properties from d-NPOM in terms of availing GM at a larger spacer layer thickness (purple color shaded region) as compared with a t = 2 nm s-NPoM

architecture (dashed line).
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to deep sub-wavelength scales.®>”® However, these effects are
only achievable with an extremely thin spacer layer, particularly
in the case of spherical nanoparticles (NPs). The two main
concerns in integrating a s-NPOM in a variety of applications
will be as follows: (i) high sensitivity to ““t” with availability of the
GM only until 6 nm of spacer layer thickness;*>? (ii) difficulties
in achieving highly efficient designs or devices (ex. optical
nanostructures, sensing devices). The latter problem is critical
due to the size limitations of biomaterials or quantum dots
(~>6 nm or above), when integrated with s-NPoM architec-
tures, realizing highly efficient application(s) will be difficult.

Nanoparticles with a large facet area facing the bottom
mirror surface show a stable gap mode even when the spacer
layer is thicker than 6 nm. A representative example of this
system is the nanocube-based NPoM.>* However, it is difficult
and costly to synthesize nanoparticles with wide facets (single
bottom faceted spherical NP).>>>* Another solution to increase
the bottom facet is to use dimer NPs on a metallic mirror
platform (d-NPoM). Fig. 2d shows a schematic of a d-NPoM
design and the corresponding simulated scattering results in
Fig. 2e. In this model, we fixed the distance “g” between two
NPs as 3 nm and varied the spacer layer thickness “¢’. As our
focus is to integrate biomaterials and quantum dots (as few
examples) with NPoM to realize a variety of applications, we set
the minimal “¢” as 10 nm (or in other words at larger spacer
layer thickness). It is interesting to see even when ““¢” is varied
from 10 nm to 40 nm, continuous tunability in scattering peak
wavelengths is observed. To signify the critical advantage of the
d-NPoM design, its peak scattering wavelength shift as a func-
tion of “t” has been plotted and these results are compared
with a s-NPoM design having ¢ = 2 nm (Fig. 2f). As a comparison
we plot the scattered resonance peak of a s-NPoM structure
(dotted line in the light grey shaded elliptical region) with
¢t = 2 nm. The peak scattering wavelengths continuously shifted
from 641 nm to 610 nm when “¢” increased from 10 nm to
40 nm for the d-NPoM displaying much better plasmonic
performance than the s-NPoM. This continuous shift is only
possible due to the presence of the GM throughout this varied
spacer layer thickness. In addition to these scattering proper-
ties, d-NPoM at ¢ = 10 nm and ¢ = 40 nm displayed ~150% and
~125% times better near-field enhancement |E/E,| perfor-
mance as compared with the s-NPoM design with ¢ = 2 nm
spacer layer thickness (see Fig. S1b, ESIT). Good scattering peak
wavelength shift and better near-field enhancement |E/E,|
properties showcase the importance of utilizing d-NPoM
design, especially when we need to incorporate external materi-
als (ex. biomaterial, quantum dots, 2D material etc.) into the
NPoM design.

To understand the nature of the plasmonic properties
between s-NPoM and d-NPoM, we plot cross-sectional electric
field profiles and the corresponding three-dimensional surface
charge density distribution mappings (Fig. 3). As we see from
the s-NPoM design (Fig. 3a), a large near-field enhancement is
observed at the cavity region between the NP and the surface
mirror for ¢ = 2 nm. As the spacing “¢” increases further, this
near-field enhancement surrounding the cavity region starts to
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deteriorate (ex. until ¢ = ~6 nm). For ¢ > 10 nm, the near field
enhancement at the cavity region becomes negligible. To
extract the plasmonic modes originating from these structures
as a function of “¢”, three-dimensional surface charge density
distribution mappings (Fig. 3b) serve as an effective method.
For ¢ = 2 nm and 6 nm, the bright dipole mode originates from
strong gap-plasmonic coupling (as the contribution comes
from the cavity region), hence terming it as a gap mode. For
t > 10 nm, in spite of being in the dipole mode, as its origin
arises from a NP mode, it has negligible contribution to the
peak scattering wavelength shift or near field enhancement.
Now, moving to d-NPoM, two cavity regions are available:
(i) one as we see from s-NPoM’s cavity (NP - dielectric/metallic
film region), and (ii) the second one is the cavity region (g)
between two NPs in air. Due to the combination of these two
cavities, better near-field enhancement can be seen from the
cross-sectional electric field profiles (Fig. 3c). The field intensity
nature between two NPs at the “g” region remains ~ consistent
(as “g” was fixed).

On the other hand, |E/E,| is deteriorating at the NP-
dielectric-metallic film region when “¢’ increases from 10 nm
to 40 nm, but still showcases higher field enhancement than
the s-NPoM. At a thickness of ¢ = 10 nm, the near field coupling
between the NP and the metallic mirror occurs in a straight
perpendicular direction (indicated by a dotted black line,
Fig. S2a (ESIt), ¢ = 10 nm). Additionally, a variation in field
intensity is observed within the inner region between the two
NPs on the top spacer layer (highlighted by the dotted white
ellipse, Fig. S2a (ESIY), ¢ = 10 nm). As the thickness increases to
t = 40 nm, the near-fields oriented towards the metallic mirror
deviate from the initial perpendicular orientation (refer to the
dotted black line, Fig. S2a (ESIt), ¢t = 40 nm). Despite this
deviation, the gap-plasmonic coupling remains intact. Concur-
rently, due to the deviation in the near-field orientation, the
field strength within the region between the two NPs on the top
spacer layer decreases (indicated by the dotted white ellipse,
Fig. S2a (ESIY), t = 40 nm). These overall changes in the near
field coupling between the NP and the metallic mirror result
in a rotation of the surface charge positions, as illustrated by
the three-dimensional surface charge density distribution maps
(Fig. 3d and Fig. S2b, ESIt). Despite this shift in charge
position, the dipolar mode within the NPs is still preserved.
The important point to note here is that the origin of all these
dipolar modes always arises from the gap-plasmonic coupling.
This shows the critical advantage of the d-NPoM design where
we can achieve the plasmonic GM even with large spacer layer
thickness (10 nm to 40 nm) as compared with s-NPOM where
there are no GM at similar “¢”’. With d-NPoMs, we can achieve
continuous scattering resonance tunability up to ¢ = 40 nm,
while maintaining the gap-plasmonic mode (brighter dipolar
mode). This is not the case with s-NPoMs, where tunability
is extremely limited to ¢ ~ 6 nm. Additionally, as a reference,
we simulated dimer NPs on a spacer layer without a metallic
mirror to compare their properties with d-NPoMs (Fig. S3,
ESIt). While it is possible to tune the peak scattering reso-
nances (Fig. S3b, ESIt) by varying the interparticle distance g,

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Simulated cross-sectional XZ electric field amplitude profiles (a) and corresponding 3D surface charge density distribution mappings (b) for a
s-NPoM structure with a spacer layer thickness of t = 2 nm, 6 nm, 10 nm, and 40 nm. Simulated cross-sectional XZ electric field amplitude profiles
(c) and corresponding 3D surface charge density distribution mappings (d) for a d-NPoM structure with a spacer layer thickness of t = 10 nm, 20 nm,

30 nm, and 40 nm.

the near-field enhancement is consistently superior when
a metallic mirror is introduced (Fig. S3c, ESIt). Under our
fabrication conditions, tuning the M13 phage layer thickness is
more feasible than modifying the interparticle distance between
NPs, as shown in Fig. S3 (ESIf). Overall, our d-NPoMs offer
simple and straightforward fabrication steps while maintaining
low costs. Hence, the d-NPoMs can serve as an alternative
candidate in obtaining robust field enhancement, especially
when focusing on larger “t’-based NPoM designs with the
availability of plasmonic GMs.

Fabrication of low-density dimer architectures

At first, we utilized SiO,, a commonly employed spacer layer
material in plasmonic studies, as reported in numerous literature
studies (Fig. 4a). The Au NPs are spin coated on the SiO, substrate
with the specific goal of achieving a low density of Au NPs. Fig. 4b
and c show scanning electron microscopy (SEM) images with two
different resolutions (large area and small area), obtained from
the SiO, substrate. s-NPoMs are formed clearly in most circum-
stances, and the self-assembly of d-NPoMs is not seen. We
repeated the fabrication several times and obtained the same
results. In rare cases we observed an aggregation of NPs (see
Fig. S4, ESIt). Although there are instances where d-NPoMs
(Fig. 4b, blue dashed circle) are formed, but considering a
scenario for large area fabrication, their ratio is negligible when
compared with the formation of s-NPoMs (>95%). The question

This journal is © The Royal Society of Chemistry 2025

now remains: how can we reduce the formation of single NPs and
thereby improve the ratio of dimer NPs at low density.

In our next step, we replaced SiO, with a biomaterial called
the M13 bacteriophage (or hereafter M13 phage). The M13
phage is nanofibrous in nature with a diameter of ~6.6 nm,
a height of ~880 nm, and a refractive index similar to that of a
dielectric material (Fig. 5a). The surface of the M13 phage is
densely packed with 2700 copies of perfectly identical func-
tional peptides, and the sequence of these peptides can be
freely controlled through genetic engineering.**”*" Utilizing the
same fabrication conditions as employed with SiO,, we spin-
coated the Au NPs onto the M13 phage substrate (Fig. 4d).
Fig. 4e and f show SEM images taken from this substrate,
displaying successful self-assembly of low-density d-NPoMs
(vellow dashed circles), which are clearly separated from each
other. Even though we also see single NPs, the dimer NPs are
formed successfully at ~50% of the area (based upon NP
counts). To confirm the formation of d-NPoMs and ensure
reproducibility, we repeated the fabrication process twice over
the span of approximately one month, producing 10 samples in
each set. Consistently, self-assembled low-density dimer archi-
tectures were obtained, confirming reproducibility (Fig. 4g and
see also Fig. S5 and S6, ESIf). The spin-coating parameters
play a crucial role in fabricating d-NPoMs. All fabrications
were carried out at room temperature. In some cases, extremely
low-density d-NPoMs can also be achieved, showcasing the

Nanoscale Horiz., 2025,10, 537-548 | 541
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(a) Fabrication approach with SiO,/Au films to fabricate low density plasmonic NPoMs. (b) and (c) Scanning electron microscopy (SEM) images

taken at two different magnifications of spin coated Au NPs on top of SiO,/Au films revealing the presence of s-NPoMs mostly. (d) Fabrication approach
with M13 phage/Au films to fabricate low density plasmonic NPoMs. (e) and (f) SEM images taken at two different magnifications of spin coated Au NPs on
top of a biomaterial coated Au mirror revealing successful self-assembly of low-density d-NPoMs. (g) Fabrication conditions are repeated to confirm the
100% reproducibility of low-density d-NPoMs when using the M13 phage as a spacer layer. Scale bar is 200 nm. (h) SEM image randomly taken of our
sample revealing that it is also possible to obtain only d-NPoMs without involving any single NP. (i) High-resolution SEM image of a d-NPoM, displaying

the self-assembly of dimer NPs with a smaller interparticle gap distance.

advantage of our fabrication utilizing the M13 phage as a
template (Fig. 4h and i). In certain areas of our sample, we
observed the formation of higher-order NP aggregates; however,
their occurrence is extremely rare compared to the dimer assem-
blies (Fig. S5(d, h, and i), S6 and S7, ESI¥). It is evident that the
M13 phage serves as an excellent template in the fabrication of
low-density d-NPoMs which are isolated from each other as
compared to SiO,.

Why does the M13 phage act as a good template for
self-assembling dimer NPoMs?

It is essential to understand why the M13 phage helps in fabricating
successful d-NPoMs, and why SiO, does not. To rationalize the
surprising finding that Au nanoparticles tend to aggregate on
M13 phages in contrast to SiO, surfaces, density-functional
theory (DFT) calculations on model systems were performed
(Fig. 5). Specifically, the adsorption of single Au atoms on the
M13 phage constituents glutamic acid (E), glycine (G) and
aspartic acid (D) was calculated. This EGD serves as a main
pVIII genome sequence of the wild-type M13 phage that we
employed for this work (Fig. 5a). We probed all plausible
adsorption sites and additionally allowed for the possibility of
displacement reactions, where hydrogen desorbs upon bond
formation with Au. To be able to compare the structures
with different stoichiometries energetically, we assume an Au
chemical potential corresponding to bulk Au and a hydrogen
chemical potential that equals H2. It turns out that in the case
of Au bonding to the M13 phage constituents, the attachment
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to nitrogen is most favourable (Fig. 5b-d). Amorphous silicon
dioxide (a-SiO,) was modelled by the structure proposed in
ref. 66. Gold adsorption on a-SiO, was calculated by sampling a
dense mesh of surface bonding sites. Again, we allowed for H
displacement reactions, where hydrogen is released upon Au
bonding to a-SiO,. The calculations show that Au attachment to
saturated glutamic acid, glycine, aspartic acid, and amorphous
silicon dioxide leads to roughly similar adsorption energies that
vary by at most 0.5 eV. The situation changes, however, as soon
as H displacement reactions are allowed for. While in the case
of glutamic acid and glycine a moderate energy increase (of the
order of 0.1 eV) or decrease (by about 0.5 eV), respectively, is
observed, and no stable configuration could be found for
aspartic acid. The most prominent energy change, however,
occurs for a-SiO,. In that case, hydrogen displacement allows
for the formation of energetically very favorable Si-Au bonds.
Thus, Au adsorption on a-SiO, leads to a very stable configu-
ration. In fact, the Au@a-SiO, structure in Fig. 5h is the
far most stable configuration identified in the present study.
It is by 0.8...1.4 eV more stable than any other structures
identified here. Obviously, Au bonds less strongly to the M13
phage material than to silicon dioxide. Consequently, the diffu-
sion barriers are lower and the diffusivity higher on the M13
phage than on a-SiO,. Therefore, we expect a comparatively high
mobility of Au NP on M13 phages. Substrate mediated, long
range strain and Coulomb interactions between the clusters,®”~%
as well as dispersive forces,*””° then determine the formation of
specific adsorbate structures such as NP dimers. In the case of

This journal is © The Royal Society of Chemistry 2025
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pilpyl Au adsorption (eV) H replacement (eV)
VIIT
= E 3.03 3.13
Wild type
M13 phage G 3.16 2.1
genome
D 3.23 Not available
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Fig. 5

(a) Geometrical information of M13 phages with glutamic acid (E) — glycine (G) — aspartic acid (D) being the main pVIIl wild type genome

sequence utilized in this work. Density functional theory calculations. (b)-(e) Stable configuration for Au adsorbed on E, G, D, and SiO, respectively. (f)—(h)
Stable configurations resulting from Au—H displacement reactions with E, G, and SiO,, respectively. No stable configuration was found in the case of D.
Atom color descriptions: red (O), yellow (Au), brown (C), beige (H), light blue (N), and blue (Si). (i) Energies of Au adsorption configurations (b)-(h)
calculated with respect to the Au bulk reservoir and molecular hydrogen. The lower the value, the more stable the configuration.

a-Si0,, in contrast, strong Au-Si bonds limit the NP mobility and
prevent their self-organization in dimers. To verify our DFT
interpretations, we tested the Au mobility on SiO, and M13
phage substrates under various spin coating conditions, differ-
ing from our optimal fabrication parameters (see Fig. S8, ESIT).
Spin coating speeds ranging from 800 rpm to 1900 rpm are
tested. On the SiO,/Au substrate, negligible formation of d-
NPoMs or predominantly s-NPoMs is observed. In contrast, on
the M13 phage/Au substrate, the following scenarios consistently
occurred: NP aggregation and formation of NP chains (dimer,
trimer, tetramer, etc.). These results clearly reveal the high
mobility of Au particles on the M13 phage surface, in contrast
to SiO,. Overall, under similar fabrication conditions, it is
evident that the M13 phage serves as an efficient template that
promotes high Au mobility, supporting the formation of low-
density dimers under optimal conditions.

Plasmonic scattering from dimer NPoMs

Dimer NPoMs with different M13 phage thicknesses ranging
from 10 nm to 40 nm are utilized to study the plasmonic
scattering. By varying the M13 phage solution concentrations,
it is possible to achieve nanometer-thick biofilms on top of the
Au substrate. We successfully fabricated 10 nm, 20 nm, 30 nm,
and 40 nm thick M13 phage films, by varying the concentration
from 3 mg mL™', 4 mg mL™', 5 mg mL~', and 6 mg mL ",
respectively. To confirm the thickness of the biofilms, atomic
force microscopy (AFM) measurements are carried out. Fig. 6a-d

This journal is © The Royal Society of Chemistry 2025

show AFM measurement scans of spin-coated M13 phage
films corresponding to 3 mg mL ™', 4 mg mL ', 5 mg mL },
and 6 mg mL™" concentrations. Line scan profiles are then
extracted from these AFM images to confirm the thickness
variation from 10 nm to 40 nm (Fig. 6e). As observed from
these AFM height profiles, we can see an increase in height
fluctuations or uneven surfaces, when the thickness or concen-
tration of the M13 phage increases. This uneven surface finish-
ing arises from M13 phage’s nanofibrous geometry. During the
self-assembly fabrication (via spin coating), M13 phages bundle
together, which in turn leads to the formation of uneven surface
profiles rather than smoother thin films.

Achieving continuous M13 phage films thinner than 10 nm
is challenging due to the phage’s diameter (~6.6 nm). When
tested, we were able to fabricate non-continuous films, which
resulted in the formation of low-density nanowires and porous
structures (see Fig. S9, ESIt). While these structures may be useful
for other applications, we did not consider M13 phage films
thinner than 10 nm in this study, as our focus is on obtaining
continuous thin films. As observed in the AFM data (Fig. 6),
particularly in the height profiles (Fig. 6e), the 10 nm-thick M13
phage films exhibit relatively smoother surfaces, whereas 40 nm-
thick films display more significant height fluctuations. Despite
these variations in surface morphology, our fabrication process
consistently achieves dimer formation across all utilized M13
phage thicknesses (10-40 nm). While surface irregularities or
wrinkles may contribute to dimer assembly to some extent, they

Nanoscale Horiz., 2025, 10, 537-548 | 543
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Fig. 6 (a)—(d) Atomic force microscopy measurement profiles for spin-coated M13 phage films corresponding to 3 mg mL™ (10 nm film), 4 mg mL™*
(20 nm film), 5 mg mL™* (30 nm film), and 6 mg mL™* (40 nm film) concentrations. (e) Measured height profile (line scan) of the M13 phage films. (f)
Experimental plasmonic scattering data of d-NPoMs with varied M13 phage film thicknesses. (g) Estimating interparticle gap distance “g" between dimer
NPs by comparing with simulation (solid squares) and experimental (solid stars) plasmonic scattering data. The legends, for example 75-3, describe NPs
with a diameter of 75 nm and a gap size “g” of 3 nm. Dark-field scattering images were taken from d-NPoM plasmonic structures with M13 phage
thicknesses of 10 nm (h), 20 nm (i), 30 nm (j), and 40 nm (k). Scale bar is 10 um.

are not the dominant factor. As highlighted by our DFT simula-
tions, the mobility of Au nanoparticles facilitated by the M13
phage, combined with optimized fabrication conditions, plays a
crucial role in the successful formation of dimer assemblies.
Plasmonic scattering studies (Fig. 6f) are then carried out
from these d-NPOM nanostructures and the corresponding
dark-field images are shown in Fig. 6h-k for various M13 phage
thicknesses. A clear blue shift in scattering spectra is observed
for the d-NPoMs (Fig. 6f). When the M13 phage thickness
increases from 10 to 40 nm, the scattering resonance peaks
shifts from 635 nm to 600 nm. This experimental result sup-
ports our theoretical analysis as described in the “Why we need
a dimer NPoM architecture” section proving the availability of
the GM across the ¢ = 10 nm to 40 nm thick spacer layer region.
To estimate the spacing between dimer NPs or interparticle
distance “‘g”, we carried out three-dimensional finite-difference
time-domain (3D FDTD) simulations. For this case, we fixed
the NP diameter as 75 nm and varied the following conditions:
g =3 nm, 4 nm and 5 nm for every M13 phage’s thickness
(t = 10 nm, 20 nm, 30 nm and 40 nm). The peak scattering
resonances (extracted from Fig. S10, ESIt) are then plotted as a
function of the M13 phage’s thickness for each “g” parameter
(Fig. 6g). It can be concluded from the simulated data that a
minimum interparticle distance of g ~ 3 nm in dimer NP can

544 | Nanoscale Horiz., 2025, 10, 537-548

be achieved from our fabrication approach. Furthermore, it is
significant to see that we can achieve similar gap separation
(g = ~3-5 nm) between NPs when the M13 phage thickness
is varied from 10 nm to 40 nm (also supported by SEM data,
Fig. S11, ESIt). We also considered how the inclination angle in
the z-plane of the M13 phage thickness (referred to as the ‘¢’
shift) can influence the scattering properties, taking into
account the experimental AFM data (Fig. S12, ESIf). As a
reference, we used the experimental conditions for a 20 nm
thick M13 phage film. Under these conditions, an approximate
‘¢’ shift (inclined thickness) difference of about 1 nm to 2 nm is
noted. Based on these geometrical variations, only a minimal or
negligible shift of the simulated scattering resonances is
observed when compared with the experimental data.

Dynamic plasmonic properties - choosing the best M13 phage
thickness parameter

To investigate the dynamic scattering properties, we placed the
d-NPoMs in a home-built humidity chamber. The significant
advantage of using a biomaterial like the M13 phage is its
swelling-deswelling nature upon reaction to humidity changes,
as shown in Fig. 7a. When humidity levels are increased from
room temperature conditions (relative humidity or RH 20%,
thickness ¢;) to higher levels (up to RH 90%), the swelling of the

This journal is © The Royal Society of Chemistry 2025
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upon the introduction of humidity level changes. (b)-(d) Peak scattering

resonances of d-NPoMs as a function of relative humidity % changes (confirmation of the reversibility nature by increasing and decreasing the RH %) with
10 nm, 20 nm and 30 nm M13 phage films. A closer look at AFM height data for 20 nm (e) and 30 nm (g) thick M13 phage films as extracted from Fig. 6e.
Simulated peak scattering resonances of d-NPoMs with g = 4 nm considering the scenario of uneven thicknesses of M13 phage films and humidity-

induced changes for 20 nm (f) and 30 nm (h) thick M13 phage films.

M13 phage introduces increased thickness (t,). This process is
reversible which means when switching back to the original RH
20%, the original thickness is restored. In our previous studies,
it was confirmed through numerous repetitive cycles that it is
possible to restore the M13 phage’s thickness to its original
state.”® Through this approach, it is possible to achieve tune-
able plasmonic scattering resonances with a single structure, a
big merit when utilizing M13 phages.

Humidity experiments were carried out for d-NPoMs con-
sisting of M13 phage thicknesses of 10 nm, 20 nm, and 30 nm
(Fig. 7b-d). The complete information on humidity-influenced
plasmonic scattering spectra is plotted in Fig. S13 (ESIT). We
define differences in scattering peak resonances as A’ when
varied from Arp209% tO Armoos. Furthermore, we also tested the
reversible nature of the M13 phage thickness by increasing
humidity levels to 90% and then restoring them back to 20%.
For the d-NPoMs with ¢t = 10 nm, we obtained /' = 4 nm
(Fig. 7b). Considering the geometrical nature of the M13 phage
(diameter of ~6.6 nm), we can consider 10 nm is close to ~
one monolayer thick film. At this point, the introduction of the
humidity does not provide any big difference in the swelling of
the M13 phage, resulting in a negligible /' shift. In the case
of ¢t = 30 nm, we noticed that the A’ shift is equivalent to 4 nm
(Fig. 7d). Two points can be observed in this case: (i) in our
scattering measurements, as shown in Fig. 6f, the difference in
peak resonances between 30 nm and 40 nm thick M13 phage
films is small (5 nm); (ii) the introduction of humidity to the
30 nm thick film only triggers it to swell to a higher thickness.
For such spacer layer thickness changes from 30 nm to 40 nm

This journal is © The Royal Society of Chemistry 2025

or even larger, a comparatively less scattering resonance A’ shift
is possible. For example, when the thickness was varied from
37 nm to 42 nm, no differences in scattering resonances are
seen (Fig. 7h). So, considering these properties, it is under-
standable why a smaller A’ shift is obtained.

Significant results are obtained for the d-NPoM structure
with ¢ = 20 nm. The scattering resonance shifted from 622 nm
(RH 20%) to 609 nm (RH 90%) which produced a A’ shift of
13 nm (Fig. 7c). To interpret the scattering data in detail, we
take a closer look at the measured AFM data of a 20 nm M13
phage film (Fig. 7e). The height scans reveal variable thickness
from ~17 nm to 24 nm, as shown within green dashed lines.
The variable thickness will create an uneven surface, causing
the bases of the NPs to be distributed at different heights.
When such d-NPoMs are exposed to humidity, it is possible to
achieve a better dynamic plasmonic scattering peak shift by
combination of the following two factors: the M13 thickness
range of ~17-24 nm, and the humidity-induced thickness
increase. So, as relative humidity levels are increased to 90%,
a 20 nm thick M13 phage film achieved a productive ¢,,
resulting in a larger dynamic plasmonic scattering shift. 3D
FDTD simulations for d-NPoMs with varied thicknesses of 15
-30 nm showed a larger A’ shift of ~13 nm (Fig. 7f), supporting
our interpretation. Furthermore, we also carried out a similar
analysis with a 30 nm thick M13 phage film, where we can see
large fluctuations in AFM height scans ranging between
~22 nm and 40 nm (Fig. 7g). By considering these height
fluctuations and the humidity-induced ¢, parameter, we simu-
lated d-NPoM with variable spacer layer thickness between
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25 nm and 42 nm. Simulated plasmonic scattering results
displayed a minimal peak wavelength shift of ~5 nm for these
varied thicknesses, which supports our measured experimental
data (Fig. 7h). Considering these observations, it is not neces-
sary to consider a 40 nm thick M13 phage film-based d-NPoM
structure as it can only result in a negligible 2’ shift. To confirm
the reproducibility of the dynamic response of 20 nm-thick M13
phage film-based d-NPoMs, five different samples were tested.
A consistent dynamic A’ shift of 13 nm =+ 0.5 nm was observed,
aligning well with the results shown in Fig. 7c. Furthermore, as
demonstrated in our previous studies on M13 phage-based
biosensors,>>*"”"7> the humidity-induced thickness change
property of the M13 phage is well established. A 20 nm thick
M13 phage film when exposed to humidity conditions will
become a good choice for plasmonic structures involving dimer
NPs as follows: (i) large scattering peak resonance tunability; (ii)
availability of the GM features across varied humidity levels. On
the other hand, this film thickness condition is highly advanta-
geous for optimizing the process of making biomaterial-based
films. Typically, biomaterials, including bacteriophages, have a
thickness of several nanometers or more. In such cases, fabricat-
ing uniform films with a thickness of 10 nm or less is very
challenging (for example, considering M13 phage’s monolayer
thickness). However, a relatively stable fabrication process can
be established for films around 20 nm. By combining the strong
plasmonic coupling between dimer NPs with the ability to
genetically engineer the M13 phage surface to precisely meet
application requirements, a wide range of tailored applications
for these d-NPoMs can be realized. The results of this study are
expected to enhance the potential for utilizing gap plasmonic
structures using biomaterials.

Conclusions

We developed a facile and cost-effective fabrication approach to
create low-density dimer nanoparticles (NPs) to construct a
nanoparticle-on-mirror (NPoM) architecture. Interparticle gap dis-
tances between NPs as small as ~3 nm are achieved with the help
of a thin M13 bacteriophage film on a gold metallic mirror.
However, when SiO, is employed instead of the M13 phage, it is
not possible to fabricate dimer NPs. Our density-functional theory
calculations suggest that the formation of strong Au-Si bonds on
a-Si0, limits the diffusivity of the Au NPs and thus prevents dimer
formation, in contrast to the weakly bonded structures on the
M13 phage. For M13 phages based upon a wild type genome
sequence, Au atom attachment to glutamic acid (E), glycine (G)
and aspartic acid (D) amino acids is relatively weak and allows for
sufficient NP mobility to self-organize into dimers. We investi-
gated plasmonic scattering studies for dimer NPoMs with varied
M13 phage thicknesses ranging from 10 nm to 40 nm. These
results were cross-checked with 3D finite-difference time-domain
(FDTD) simulations, which estimated interparticle gap sizes in the
range of ~3 nm to 5 nm. By introducing humidity, it is possible to
modify the thickness of the M13 phage film, thereby displaying
dynamic plasmonic properties from a single dimer NPoM
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structure. A 20 nm thick M13 phage film exhibited a tunable
scattering peak shift by 13 nm, consistently displaying a gap-
plasmonic mode feature. Critically, these humidity-induced thick-
ness changes of M13 phage films are reversible, allowing the
system to revert to its original optical characteristics. This non-
complex, self-assembly approach for dimer NPoMs (without
metallic surface functionalization) provides insights into the
efficient fabrication of plasmonic nanogaps. This method has
potential applications in the fields of sensors, dynamic optical
devices, and emitter interactions.
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