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Abstract 
 
Decades of intense research in the field of nanoscience have led to the ability to produce 
nanoparticles (NPs) with controlled composition, shape, and size. One of the next key 
challenges is the self-assembly of appropriate NP building blocks into larger systems to 
obtain micro- or macroscale materials. To achieve this, self-assembly protocols must not 
only produce high-quality structures, but also deliver the assemblies of interest to desired 
locations on a substrate. In this review, we discuss different self-assembly strategies, 
focusing on colloidal gold NPs and applications as plasmon-enhanced fluorescence (PEF) 
platforms. These plasmonic substrates have been used for biosensing and cell imaging, 
based on the enhancement of fluorescent emitters, and applied to improve the emission 
efficiency of luminescent NPs. It is important to note that higher fluorescence 
enhancement relies on precise control of the location of gold NPs and fluorescent 
emitters on the plasmonic substrate. Despite the diversity of available self-assembly 
strategies, many of them provide similar levels of structural control over the placement 
of gold NPs on the substrate. To highlight this, we have organized the discussion 
according to strategies that result in similar degrees of structural control over the 
placement of gold NPs and its associated PEF effect. 
 

 
Keywords: self-assembly on a substrate, plasmon enhanced fluorescence, gold 
nanoparticles, surface plasmons 
 

  



2 
 

1. Introduction 
 
Designing and synthesizing materials with properties tailored for applications in various fields, 
ranging from wearable bio-integrated sensors (Gao et al., 2016; D. H. Kim et al., 2012), 
electronics (Talapin & Murray, 2005; S. Wang et al., 2018; X. Zhao et al., 2021), energy storage 
devices (Aricò et al., 2005; Pomerantseva et al., 2019), catalysis (Daniel & Astruc, 2004), 
displays (S. F. Liu et al., 2022; Y. Wang et al., 2017), etc. is one of the key promises of materials 
science. In this direction, multiple strategies have been developed toward the bottom-up 
assembly of nanoscale building blocks into the anticipated architecture (Boles et al., 2016; 
Hueckel et al., 2020, 2021; M. S. Lee et al., 2022; Macfarlane, 2021; Rao et al., 2022; Talapin 
et al., 2015). The key variational principle to meet our diverse material demands exploits the 
size, shape, surface chemistry and composition dependence of the optoelectronic properties 
of nanomaterials, which can subsequently be self-assembled into arbitrary structures to 
obtain macroscopic devices with the properties of interest. Self-assembly is the science of 
things that form on their own (Pelesko et al., 2007). More precisely, it can be defined as the 
spontaneous formation of an organized structure from discrete building blocks through 
stochastic processes (Pelesko et al., 2007). Self-assembly processes are ideally reversible and 
can be controlled by an appropriate design of the building blocks, their environment and 
interparticle interactions (Bishop et al., 2009; Pelesko et al., 2007). Decades of intense 
research have resulted in the ability to produce nanomaterial building blocks of arbitrary 
compositions, shapes and sizes, with ever-improved monodispersity, yield, and large-scale 
production. The next key challenge involves using nanoparticles (NPs) with selected 
properties and craft micro- or macroscale materials therefrom. Meeting this challenge is at 
the heart of bottom-up assembly protocols. These protocols are in stark contrast to top-down 
fabrication methodologies, and can oftentimes help realize structures that would be 
prohibitively time consuming from purely top-down protocols (Figure 1a). 
 
It is important to mention that, some of the most common outcomes at the heart of NP self-
assembly are products like colloidal molecules (Yi et al., 2020), NP supercrystals (Kalsin et al., 
2006; Scarabelli et al., 2017, 2021), mouldable or plastic NP aggregates (Klajn et al., 2007), 
dynamic reactors (H. Zhao et al., 2016), sensors (García-Lojo et al., 2019; Grzelczak et al., 
2019) etc., each of which can be used for different applications. However, it should be noted 
that each of these outcomes allows different levels of structural control over the final 
architecture. For instance, an impressive nano- or angstrom-level control can be achieved in 
NP supercrystals, whereas mouldable NP inks can be used to control the final structure at the 
micro- or macroscale (Klajn et al., 2007; Y. Wang et al., 2017). The choice of structural features 
should thus be made on the basis of the expected set of functions. For instance, organized 
cavities can be used for sensing and catalytic applications (Udayabhaskararao et al., 2017; H. 
Zhao et al., 2016), whereas control over microstructures enables the development of 
materials for photonic and mechanical applications (García-Astrain et al., 2020; M. S. Lee et 
al., 2022; Santos et al., 2021). Despite the excellent progress made towards the synthesis and 
assembly of NPs, they have found limited use in large scale industrial applications so far. The 
key reasons for this latent potential may become apparent by benchmarking the outcomes of 
self-assembly processes against conventional top-down fabrication protocols. However, 
additional progress is required in the field NP self-assembly to obtain structures of arbitrary 
complexity on a variety of substrates. For self-assembly to meet these demands, not only the 
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nanoscale control over NPs should be perfected, but also their further processing and 
deposition onto desired places on the substrates of choice (Figure 1b,c).  
 

 
Figure 1. Bottom-up material synthesis with NPs and their self-assemblies.  a) Schematics illustrating 
the formation of a device of interest using two different methods, i.e. top-down and bottom-up self-
assembly. b) Schematic showing the use of NPs for assembly onto a substrate with increasing level of 
structural control. c) Schematic illustration showing the use of plasmonic substrates as plasmon 
enhanced fluorescence platforms. 
 
In the present review, we aim to take stock of different protocols for self-assembly on 
substrates that can help in the formation of next-generation complex matter. For the 
purposes of the present review, we limit our discussion to the developments made in the 
context of the plasmon-enhanced fluorescence (PEF). In the literature, several studies have 
alternatively termed this phenomenon as surface-enhanced fluorescence (SEF) (Fort & 
Grésillon, 2007; Moskovits, 1985), or metal-enhanced fluorescence (MEF) (Geddes & 
Lakowicz, 2002; Lakowicz et al., 2008). For the sake of clarity, we use the term plasmon-
enhanced fluorescence (PEF) (Bauch et al., 2014; Dong et al., 2015; J. F. Li et al., 2017), while 
reviewing the self-assembly strategies and applications of colloidal gold nanoparticles 
(AuNPs) on substrates as PEF platforms (Figure 1c). 
 
The optical properties of plasmonic metal NPs are mainly dictated by the coherent oscillations 
of their conduction electrons at the metal-dielectric interface, stimulated by an incident 
electromagnetic radiation (Pelton et al., 2008). Such coherent charge-density oscillations are 
called localized surface plasmon resonances (LSPR), and result in  the localization of light at 
the nanoscale, generating large local enhancement of the electromagnetic field (Pelton et al., 
2008). PEF exploits the use of these plasmonic  NPs or nanostructures to alter the excitation 
and emission rates, radiation patterns, quantum yield, and photostability of different emitters 
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(Semeniak et al., 2022). The intense local electromagnetic fields generated at the NP surface 
can increase not only the excitation rate of the emitter, but also its emission due to the 
increased local density of states, and higher probability of transition from the excited to the 
ground state (J. F. Li et al., 2017; Semeniak et al., 2022). Several factors influencing the 
interactions between plasmonic NPs and emitters have been studied, including the overlap 
between the LSPR of the plasmonic NP and the absorption/emission bands of the emitter, 
and the distance separating the two (J. F. Li et al., 2017; Semeniak et al., 2022). In this respect, 
a decrease in the distance between the plasmonic NP and the emitter results in a continuous 
transition from fluorescence enhancement to the quenching effect, due to energy transfer 
from the excited emitter to the metal at smaller interparticle distances (Anger et al., 2006; 
Asian et al., 2004). Anger et al. claimed that fluorescence enhancement reaches maximum 
when the emitter is located at a distance of 5 nm from the metal surface, whereas quenching 
would occur at lower distances (Anger et al., 2006). Overall, the use of suitable plasmonic 
NPs, coupled with appropriate separation distances, results in an enhancement of the 
emission intensity by several orders of magnitude, as well as a reduction of the fluorescence 
lifetimes (Dong et al., 2015; Joyce et al., 2020; Semeniak et al., 2022). 
 
Fluorescence is widely used in optical imaging and biosensing platforms, such as 
immunoassays, where target biomarkers are detected through binding fluorescently labelled 
antibodies and the signal depends on the amount of biomarker present in the sample. 
However, low concentrations of biomarkers may not be readily detected by standard 
instruments, so PEF provides a clear advantage at increasing assay sensitivity with the 
reduction of biomarker detection limits, which translates into an improvement in disease 
diagnosis (Bauch et al., 2014; Joyce et al., 2020; Semeniak et al., 2022). PEF also offers the 
possibility of increasing the emission intensity of luminescent NPs. Namely, upconverting 
nanoparticles (UCNPs) absorb low-energy light and re-emit light with higher energy, which is 
interesting for bioimaging, as well as other fields such as solar energy conversion and display 
technologies. However, UCNPs suffer from low emission efficiency (Dong et al., 2019; 
Greybush et al., 2014) and therefore PEF represents a promising strategy towards enhancing 
their emission intensity and, in turn, expanding their application prospects (Dong et al., 2019; 
Greybush et al., 2014). 
 
We note that the success of PEF-based applications relies on mastering various technical 
challenges, ranging from the theoretical understanding of coupling/interactions between 
plasmonic NPs and emitters for the design of appropriate PEF substrates, to their 
standardized and reproducible fabrication. Despite the diversity of available systems and self-
assembly strategies, many of them result in a similar degree of structural control over the 
placement of AuNPs on the substrate. In order to emphasize this feature, we have organized 
the discussion according to strategies resulting in similar degrees of structural control over 
the placement of AuNPs, and their corresponding PEF effect. In addition, we propose different 
steps and directions for AuNP self-assembly, toward future applications.  
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2. General considerations on self-assembly of nanoparticles on a substrate 
 
As mentioned in the previous section, NPs - often viewed as ‘artificial atoms’- serve as an 
attractive building block for the bottom-up self-assembly of macroscale materials. This 
comparison between NPs and atoms stems from the fact that the interactions between NPs 
can be viewed as ‘bonds’, discrete clusters as colloidal ‘molecules’ and extended superlattices 
as ‘crystals’, which can be generated by controlling nanoscale bonding (Ashoori, 1996; Smith 
& Nie, 2010; Steigerwald & Brus, 1990). Appropriate surface engineering, size, and 
composition variation in nanomaterials provide suitable handles to tune interparticle 
interactions and lead to creation of self-assembled materials. Although most NPs are typically 
produced as colloidal dispersions in appropriate solvents, most devices/applications of 
interest around us require substrates that can be touched, controlled, or simply, interacted 
with. A key task then is to find ways of arranging NPs onto the substrates of interest. 
Furthermore, use of NPs as building blocks for self-assembly at interfaces allows for 
establishing control over the surface morphologies, through features that depend on the type 
of NPs used.  
 
Having seen the possibility of using NPs as building blocks for self-assembly at interfaces, a 
relevant question is how to control the processes governing the deposition of NPs on 
substrates. The quality and outcome of the self-assembled structure requires control over the 
thermodynamic and kinetic aspects of the assembly process. Thermodynamics govern the 
interaction forces between building blocks, whereas kinetics control the speed of assembly. 
In other words, thermodynamics determine the energetically favored morphologies of the 
final assembled state, kinetics determine the extent to which the building blocks reach the 
energetically favored state. In general, the formation of high quality self-assembled structures 
requires weak reversible interactions, which would allow for annealing or correcting the 
defects produced (Whitesides & Boncheva, 2002). As a suitable model, crystallization involves 
slow and controlled interactions between the components, for high quality crystals to be 
formed. Since a random placement of NPs onto an interface requires minimal control, several 
strategies have been developed resulting in a random deposition of NPs. Although such 
methodologies may sound trivial, each protocol has its own set of challenges. One of the 
biggest hurdles is the notorious coffee ring effect: when a dispersion of NPs is evaporated on 
a substrate, it gives rise to ring-like deposits due to the migration of particles to the liquid-air 
contact line (Deegan et al., 1997). To overcome this effect, the substrate can be engineered 
to enhance a chemical binding of seeds, which can be subsequently grown or modified on the 
substrate. Alternatively, one can use more sophisticated techniques such as spin coating, dip 
coating, etc., for the deposition of randomly distributed NPs over the substrate of choice. 
Although these strategies are appealing due to their inherent simplicity and adaptability, the 
limited control over the NPs distribution is a critical challenge that limits their applications.  
 
One of the key features dictating the interest of a self-assembly protocol is the control it 
provides over quality, crystallinity, and reproducibility of the desired outcome. To this effect, 
researchers have developed techniques to crystallize NPs into 2D or 3D ordered constructs. 
One such method is self-assembly at liquid interfaces, which provides a reliable and versatile 
way to produce highly ordered nanoparticle arrays. The morphology of drop-deposited 
nanoparticle films is controlled by both evaporation kinetics and interactions of particles with 
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the liquid–air interface (Min et al., 2008). Using this protocol, researchers have produced and 
characterized a rich variety of NP superlattices, most of which are isostructural with known 
atomic compounds (Shevchenko et al., 2006). Additionally, several discovered structures do 
not have analogues in the atomic world (Boneschanscher et al., 2013). Other techniques 
involve selective etching of NPs, thereby realizing the formation of non-close-packed 
superlattices (Figure 2a) (Udayabhaskararao et al., 2017). Examples of assembly of NPs into 
3D crystals (assembly in bulk solution) can also be found in the literature (Auyeung et al., 
2014; Jones et al., 2015; Laramy et al., 2019; Samanta et al., 2022). Chief among them is the 
use of DNA as a bonding element, leading to a rich variety of static, as well as dynamic or 
‘transmutable’ (Y. Kim et al., 2016; Macfarlane et al., 2013) 3D NP crystals. In addition to their 
photonic (D. J. Park et al., 2015), and catalytic functions (Brodin et al., 2015), assembled 3D 
NP crystals can serve as building blocks for the formation of macroscale materials as well. In 
this direction, Macfarlane and co-workers prepared 3D NP crystals glued together with H-
Bonding interactions (Figure 2b), which could be sintered into bulk material. This strategy 
provides an excellent control over the crystal domains of the bulk material (Figure 2c,d), an 
attractive handle for photonic and mechanical applications (Santos et al., 2021). 
 
In addition to delivering the material of interest onto desired places of a substrate, the 
orientations and contacts between the NP components, as well as between the assemblies 
and the substrate, should also be controlled. To meet the technological demands, researchers 
have developed hybrid techniques, thereby marrying the important aspects of two dissimilar 
methods. For instance, one can precisely control the location and orientation of NPs using 
approaches like capillarity, (micro)fluidics, or templated assembly, while retaining the 
simplicity and speed characteristic of a self-assembly process. For instance, Jacobs and co-
workers demonstrated the implementation of an automated reel-to-reel fluidic self-assembly 
platform, which could assemble and electrically connect semiconductor chips with an 
assembly yield of 99.8%. This strategy could be scaled to any desired throughput, while 
outperforming the speed of chip placements using pick and place machines (S. C. Park et al., 
2014). Additionally, capillary assembly techniques have been developed to achieve selective 
delivery of NPs into suitable target sites on a substrate, thereby achieving exceptional control 
over the final NP orientation (Figure 2e) (Cui et al., 2004; Ni et al., 2018). This strategy, 
therefore, allows for the precise definition of arbitrary topographic features distributed over 
large surfaces (Figure 2e) (Flauraud et al., 2017).  
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Figure 2. NPs into self-assembled materials. a) TEM images showing the transformation of a binary 
NP superlattice composed of gold (Au) and iron oxide (Fe3O4) NPs into non-close packed superlattices 
by selectively removing/ etching one of the two NP components. Inset scale bars are 5 nm 
(Udayabhaskararao et al., 2017). b) SEM image showing the surface morphology of a NP supercrystal 
stabilized by H-bonding interactions. Upon sintering into a macroscopic material an exceptional 
control can be gained over the grain size of the crystallites (c, d). Each crystalline grain is colored 
differently (Santos et al., 2021). e) SEM images showing the formation of Au nanorod (NR) dimers 
assembled using pre-defined cavities on a substrate. The SEM images on the right show the 
deterministic variation of interparticle distance between NR dimers (Flauraud et al., 2017). 
 
It should be noted that, the remarkable progress made in the assembly of NPs on substrates 
is of significance for PEF studies. The self-assembly of metal NPs on planar substrates leads to 
stronger electric field enhancement, either at the metal surface or in the metal-metal 
nanogap areas, forming hot spots (Baumberg et al., 2019; Dong et al., 2015; Joyce et al., 2020; 
Semeniak et al., 2022) In the following section, we discuss self-assembly strategies that result 
in different degrees of structural control over the location of AuNPs on a substrate, and its 
associated PEF effect.  
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3. Plasmon enhanced fluorescence by Au nanoparticles on planar 
substrates  
 
3.1 Strategies with limited structural control 
 
3.1.1 Solution phase growth of AuNPs from a substrate 
In this method, AuNPs are grown directly on the surface of (usually) planar substrates. In most 
cases, seeds are first implanted on the substrate, to then induce seeded growth, similar to 
the methods in solution. The resulting plasmonic Au nanoisland films are arguably among the 
most widely reported structures. The synthesis starts by immersing a glass slide into a solution 
of gold chloride (HAuCl4), followed by addition of ammonium hydroxide (NH4OH), washing, 
and a final immersion in sodium borohydride (NaBH4) to complete the seeding step. Next, the 
seeded glass substrates are immersed into a 1:1 aqueous solution of HAuCl4 and 
hydroxylamine (NH2OH) as a weak reducing agent, followed by incubation under shaking to 
complete the growth step (Tabakman, Chen, et al., 2011; Tabakman, Lau, et al., 2011). This 
strategy results in elongated and tortuous Au nanostructures, with a shape similar to islands 
attached to the glass (Figure 3a) and broad plasmon resonances in the near-infrared region. 
 
The name Au nanoisland film, also referred to as pGold slides (B. Liu et al., 2016), was initially 
proposed by Dai's group (Tabakman, Chen, et al., 2011; Tabakman, Lau, et al., 2011), and has 
been widely employed as a microarray PEF substrate in immunoassays to detect clinically-
relevant target analytes (Semeniak et al., 2022). These include carcinoembryonic antigen 
(Tabakman, Lau, et al., 2011), cytokines (B. Zhang et al., 2012), antibodies against systemic 
lupus erythematosus (B. Zhang et al., 2013), autoantibodies for type I diabetes (B. Zhang et 
al., 2014), lung cancer biomarkers (B. Liu et al., 2016), autoantibodies for Toxoplasma gondii 
(X. Li et al., 2016), autoantibodies markers of hypertension (X. Li et al., 2017),  autoantibodies 
against T. gondii, cytomegalovirus, and Rubella (X. Li et al., 2019), myocardial infarction 
biomarkers (Xu et al., 2020). Briefly, the capture antibody or antigen is attached to the Au 
nanoisland film, where it will bind the target analytes, followed by the binding of a second 
detection antibody labelled with fluorophores, such as Cy3, Cy5, IRDye680 and IRDye800 dyes 
(Figure 3b). The Au nanoisland film, composed of closely packed AuNPs separated by 
nanoscale gaps, generates an enhancement of the fluorescence emitted by these dyes. The 
highest reported fluorescence enhancement values were ∼50-fold  (B. Liu et al., 2016; B. 
Zhang et al., 2014), ∼100-fold (X. Li et al., 2017; Tabakman, Lau, et al., 2011; B. Zhang et al., 
2012, 2013, 2014)  and ∼150-fold (Xu et al., 2020), compared to glass substrates (Figure 3c). 
The use of pGold has also been described in cellular imaging of Hela cells, by enhancing the 
immunostaining signals (Koh et al., 2016). 
 
The Au nanoisland film strategy usually results in uncontrolled deposition of polydisperse 
AuNPs with varying shapes on the substrate (Figure 3a), and inhomogeneous dye 
distributions, so that only those located at non-quenching distances from the gold surface or 
in the nanogap would have an enhancement of the fluorescence intensity. Despite these 
limitations, this strategy presents the advantage of being a relatively simple synthesis 
protocol, and therefore, it has been widely reported (Table 1) in different PEF immunoassay 
studies (Semeniak et al., 2022), with improved sensitivity and reproducibility (Xu et al., 2020). 
To date, pGold slides are among the few PEF-based biosensors that have moved towards 
commercialization (Nirmidas Biotech, n.d.). 
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Figure 3. Solution phase growth of AuNPs directly on substrates. a) Scanning electron microscopy 
(SEM) image of a solution phase grown plasmonic Au nanoisland film pGold. b) Schematic illustration 
of a sandwich immunoassay for detecting myocardial infarction biomarkers (cTnI/CK-MB) on a pGold 
chip. c) Calibration curves comparing the fluorescence signal and detection limits for cTnI on pGold 
(red), glass (blue), and sputtered gold (sGold) (yellow) chips (Xu et al., 2020). d) Schematic of the 
solution phase growth of AuNPs on glass slides assisted by block copolymer micelle nanolithography 
(BCMN). e) SEM images showing the distribution of AuNPs after dip-coating and oxygen plasma for 
copolymer etching, before solution phase growth; and f) after the growth process. g) Schematic 
showing the interparticle distance in both cases. h) Immunoassay Ab-PfLDH-aptamer sandwich 
scheme. The fluorophore is placed at approximately 10 nm from the Au surface, maximizing 
fluorescence enhancement (Minopoli et al., 2022). 
 
 
A more recent work utilized the well-known technique of block copolymer micelle 
nanolithography (BCMN)(Sánchez-Iglesias et al., 2010; Spatz et al., 1999) for the deposition 
and subsequent growth of AuNPs, enabling improved regularity of shape, size and 
interparticle distance between AuNPs on glass slides (Minopoli et al., 2020, 2022). Diblock 
copolymer reverse micelles with a hydrophilic core and an outer hydrophobic shell, where 
loaded with HAuCl4 and then adsorbed on a glass substrate by dip-coating. The copolymers 
were subsequently etched by oxygen plasma treatment, followed by incubation with HAuCl4 
to enable the growth of the adsorbed AuNP seeds (Figure 3d). This procedure gives rise to a 
close-packed honeycomb type arrangement, enabling a high degree of control over 
interparticle distance (Figure 3e,f,g). This assembly method was employed in an immunoassay 
for detecting the malaria biomarker Plasmodium falciparum lactate dehydrogenase (PfLDH). 
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The detection was further improved by controlling the immobilization of antibodies via the 
photochemical immobilization technique (PIT), so that the binding region is at ~5 nm from the 
surface. At the same time, a small labelled aptamer (few nanometers) was used, so that the 
Cy5 dye was placed at an optimal distance of ~10 nm from the gold surface (Figure 3h). This 
latter feature, together with a good control over interparticle nanogaps may explain the 
claimed high experimentally measured enhancement factor of 7 × 104 in this system 
(Minopoli et al., 2020). Another work used a similar assembly strategy, in this case obtaining 
a double-resonant plasmonic substrate with plasmon peaks at 675 nm for a hexagonal AuNP 
pattern and 524 nm for isolated AuNPs, to match the spectra of 5-FAM and Cy5 dyes (Minopoli 
et al., 2022).   
 
3.1.2 Electrostatic adsorption of AuNPs onto substrates  
In this case, colloidal AuNPs are first synthesized and subsequently fixed on top of flat 
substrates. A strong adsorption can be achieved by exploiting electrostatic interactions. Both 
AuNPs and the substrate surface can be modified with appropriate molecules (ligands) of 
opposite charge, on which the fluorophore can be attached following the layer-by-layer self-
assembly method (Malikova et al., 2002; S. Zhao et al., 2019) For example, glass slides 
modified with a positive amino group are immersed in a solution containing negatively 
charged citrate-stabilized Au nanospheres, leading to their spontaneous adsorption by 
electrostatic interaction. The layer-by-layer approach can then be applied through repeated 
dip-coating steps with positively and negatively charged polyelectrolytes and intermediate 
washing steps (Figure 4a) (Chekini et al., 2015).   
 
Importantly, the layer-by-layer assembly allows using polyelectrolyte multilayers as spacers 
between AuNPs and fluorophores, thereby minimizing quenching and maximizing 
fluorescence enhancement. One such optimization was carried out for citrate Au 
nanospheres adsorbed onto aminated glass, followed by deposition of a polyelectrolyte 
spacer layer and then the dyes CF620R and Nile blue A, resulting in enhancements of 99 and 
17.6-fold, respectively (Chekini et al., 2015). Besides fluorophores, this technique has also 
been described for the assembly of luminescent NPs, such as InP/ZnSe/ZnSeS/ZnS 
core/multiple shell quantum dots (QDs) (Kulakovich et al., 2021) and CdSe/ZnS core/shell 
QDs; the best enhancement factor in this case was 5-fold for ≈11 nm separation distance 
(Kulakovich et al., 2002). Additionally, Au nanorods were co-assembled with lanthanide-
doped UCNPs, resulting in a highest fluorescence enhancement of 22.6-fold for 8 nm distance 
(Figure 4b,c,d,e) (Feng, You, et al., 2015). In a related study it was found that NaYF4:Yb,Er 
UCNPs could achieve 10.6-fold enhancement (Feng, Lin, et al., 2015). 
 
Regarding applications, most of the strategies described in the literature (see Table 1) are 
related to immunoassays, with an architecture similar to that described in Figure 3b, where 
AuNPs are fixed onto a microarray glass surface by electrostatic interactions, rather than 
grown directly on the surface. Immunoassays with PEF substrates obtained by electrostatic 
interactions include Au nanorods or nano-crosses for the detection of hepatotoxins 
microcystin-LR (Y. Li et al., 2014), Au nanospheres to detect plasmodium falciparum lactate 
dehydrogenase (Minopoli et al., 2021), as well as a DNA biosensor (J. Wang & Jia, 2018). In a 
different architecture, positively charged Au core/Ag shell cubes and two sizes of Au nanorods 
were absorbed onto a negatively charged, flexible polydimethylsiloxane (PDMS) elastomeric 
film, with a polyelectrolyte spacer. This patch can be placed on top of standard fluorescence-
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based microarrays or microtiter plates, thereby enabling emission enhancement of the dyes 
(Figure 4f,g). This plasmonic patch was tested in immunoassays for the detection of 
biomarkers such as kidney injury molecule-1 (KIM1) and neutrophil gelatinase-associated 
lipocalin (NGAL), showing a 100-fold enhancement (Luan et al., 2018). 
 

 
 

Figure 4. Adsorption of AuNPs onto substrates by electrostatic interactions. a) Schematic diagram of 
the adsorption of negatively charged citrate-coated AuNPs on positively charged amino functionalized 
glass slides, followed by layer-by-layer deposition of positive PHA and negative PSS polyelectrolytes, 
to form a spacer layer for the dye (Chekini et al., 2015). b) Schematic view of the self-assembly of Au 
nanorods on a silicon substrate, with a polyelectrolyte spacer and lanthanide-doped upconverting 
nanoparticles (UCNPs). c) Scanning electron microscopy images of Au nanorods and d) UCNPs, on the 
polyelectrolyte-coated substrate. e) Correlation of fluorescence intensity (red line) and electric field 
intensity (black line) with spacer thickness (Feng, You, et al., 2015). f) Schematic view of the fabrication 
of a flexible polydimethylsiloxane (PDMS) plasmonic patch with electrostatically adsorbed AuNPs and 
application of standard fluoroimmunoassays. g) SEM images of Au core/Ag shell cubes and two sizes 
of Au nanorods absorbed onto the PDMS plasmonic patch (Luan et al., 2018). 
 
 
Overall, adsorption of AuNPs onto flat surfaces by electrostatic interactions is a relatively 
simple and widely studied method (Table 1). However, the main drawback is the poor control 
over the distribution of AuNPs, which assemble randomly on the substrate (Figure 4c,d,g).  
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3.1.3 Drop-cast, thiol-Au binding, spin coating, and DNA origami methods  
Drop-casting is arguably one of the simplest assembly techniques, in which a drop of AuNP 
dispersion is placed on top of a substrate and dried. Although the AuNP distribution can hardly 
be controlled and is affected by the “coffee ring effect” with accumulation of NPs at the edges, 
these issues can be mitigated (S. Lee et al., 2022) by controlled evaporation conditions to 
obtain ordered structures (García-Lojo et al., 2019), as discussed in section 3.2.2. The drop-
casting technique has been reported for the deposition of hybrid core/shell nanoparticles 
comprising an Au nanorod core with a SiO2 shell spacer surrounded by CaF2:Yb3+,Er3+ UCNPs. 
A SiO2 shell thickness of ∼20 nm maximized luminescence enhancement up to 6.7 for red 
emission (600-700 nm)(He et al., 2017). In another work, a mixture of Au nanorods and 
fluorescent nanodiamonds were drop-casted and the enhancement properties of selected 
pairs studied (J. Zhao et al., 2018), revealing that both Au nanorods and fluorescent 
nanodiamonds mutually enhance their light emission; for Au nanorods this was verified by an 
increase in the anti-Stokes emission (J. Zhao et al., 2018).   
 
Thiol–Au binding is another useful method for the attachment of AuNPs onto substrates 
functionalized with thiol groups. For example, both small (~50 nm) and large (215 nm) Au 
nanostars were bound to thiol-modified glass slides by simple immersion in the corresponding 
colloid (Figure 5a). The approach was used for imaging Hela cells cultured on top of the 
nanostars and immunostained with AlexaFluor680 antibodies. Compared to plain glass, the 
Au nanostars yielded 9 and 19 times fluorescence enhancement factors for small and large 
nanostars, respectively (Theodorou et al., 2019). 
 
Spin-coating is a relatively common method for applying thin films, involving the spinning of 
flat substrates at high velocity, after deposition of the material in solution (Scriven, 1988). The 
centripetal force and surface tension of the liquid allow creating thin films with uniform 
thickness, from few nanometers to few microns.  Spin coating is a standard technique used in 
a wide range of industry sectors (Barad et al., 2021).  
 
Au nanospheres and nanorods were spin-coated onto larger area flat glass substrates (Ullrich 
et al., 2013). The synthesized AuNPs were functionalized by thiol-terminated polystyrene with 
different molecular weights, spin-coated, and the polymer shell was then removed by plasma 
etching (Figure 5b1). Spin coating, together with the dense shell of polystyrene surrounding 
the AuNPs, led to the formation of ordered patterns of Au nanospheres (Figure 5b2) and NRs 
(Figure 5b3), where the particle-to-particle distance depended on the length of the 
polystyrene shell (Ullrich et al., 2013). It should be noted however, that highly organized 
monolayers of AuNPs functionalized with hydrophobic or hydrophilic ligands can also be 
obtained without the need for spin-coating, namely by interfacial self-assembly (section 3.2.1) 
or controlled evaporation self-assembly (section 3.2.2), as discussed further below. 
 
Spin-coating has been used widely as a technique to self-assemble AuNPs in PEF studies (Table 
1).  Namely, Au nanorods were spin-coated and covered layer-by-layer by a polymer spacer 
to measure Cy3.5 single molecules and mCherry fluorescent proteins in solution, one at a time 
as they adsorb onto the immobilized Au nanorods (Donehue et al., 2014; Fu et al., 2015). A 
similar approach was also used to study the enhancement of single CdSe/ZnS QDs with two-
photon excitation, using bare Au nanorods (W. Zhang et al., 2018).  Another study combined 
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drop-casting of Au nanostars followed by spin-coating of NaGd(Y)F4 UCNPs (Martínez et al., 
2018). 
 
The group of Ramamurthy reported several works using a Surface Plasmon-Coupled Emission 
(SPCE) sensing platform (Figure 5c1). Spin-coating was used to assemble diverse types of 
AuNPs and fluorescence emitters, to obtain various nanointerface designs onto a silver film 
substrate in the SPCE platform  (Bhaskar et al., 2021, 2022; Bhaskar, Kowshik, et al., 2020; 
Bhaskar, Patra, et al., 2020). One of the highest reported enhancement factors, in excess of  
1300 (Figure 5c3), was achieved in a SPCE sensor, to detect mefenamic acid using 
heterometallic AgAu nanocubes  (Figure 5c2) (Bhaskar et al., 2022).  
 
Overall, the advantage of spin coating is that only a relatively small volume of concentrated 
AuNP suspension is needed to cover a larger area substrate.  
 

 
Figure 5.   a) Thiol–Au binding of AuNPs. a1) Schematic of Au nanostars bound to thiol-modified glass 
slides. Corresponding a2) SEM images of adsorbed small (~50 nm) and a3) large (215 nm) Au nanostars 
(insert: TEM of individual nanostars) (Theodorou et al., 2019). b) Spin-coating of AuNPs. b1) Schematic 
showing AuNPs functionalized with a dense polystyrene shell, followed by spin-coating onto a 
substrate and oxygen plasma etching of the polystyrene shell. b2) SEM images of Au nanospheres and 
b3) Au nanorods with shorter (left) and larger (right) polystyrene chains (Ullrich et al., 2013). c) Surface 
plasmon-coupled emission (SPCE) sensor with spin-coasted AuNPs. c1) Schematic of the SPCE 
sensing platform. (Bhaskar, Kowshik, et al., 2020). c2) SEM image of heterometallic AgAu nanocubes.  
c3) Fluorescent enhancement values obtained for different nanointerface designs (Bhaskar et al., 
2022).  d) Nanoparticle-on-mirror (NPoM) nanocavities. d1) Schematic showing the high optical field 
confinement in the gap (yellow) and d2) fluorescence emission with and without the Cy5 dye 
incorporated into the nanocavity. d3) Purcell enhancement results relative to the position of Cy5 from 
the center of the gap, experimental emission (orange points) and theoretically calculated emission for 
vertical (90°) dipole (solid blue) and tilted (45°) dipole (dashed blue). Calculated quantum efficiency 
for vertical dipole (dashed gray line) (Chikkaraddy et al., 2018). 
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In most cases, fluorescence emitters placed at a very close distance (less than 5 nm) to 
isolated AuNPs are affected by quenching of the emission. This is not necessarily the case for 
metal-metal plasmonic nanocavities,  such as nanoparticle-on-mirror (NPoM) nanocavities, 
where high optical field confinement in the gap (at distances less than 5nm)  (Figure 5d) 
suppresses emitter quenching into non-radiative channels and highly enhances the emission 
(Baumberg et al., 2019). This makes NPoM interesting for PEF, in which colloidal metal NPs 
are usually assembled on top of metal substrate thin films. Control of the metal-metal 
distance and accurate placement of the emitters into the nanocavity are critical. Different 
approaches have been described in the literature to obtain NPoMs with AuNPs, including 
drop-casting using a molecular spacer (Chikkaraddy et al., 2016), attachment with DNA 
origami constructs (Chikkaraddy et al., 2018; Kongsuwan et al., 2018), and adsorption by 
electrostatic interactions (Ciracì et al., 2012; Mock et al., 2008; Xie et al., 2021) as described 
in section 3.1.2 above. For example, colloidal Au nanoshells were adsorbed onto an Au film 
by electrostatic interactions and used together with Rhodamine B to fabricate an SPCE based 
immunosensor for detection of human IgG, reaching enhancements of 30-fold and 110-fold, 
compared to normal SPCE and free-space emission, respectively (Xie et al., 2021). 
 
The group of Baumberg reported several studies with NPoM nanocavities. These include, Au 
nanospheres drop-casted on an Au thin film separated by a 0.9-nm molecular spacer 
composed of methylene-blue dye encapsulated in cucurbit[7]uril. The latter formed a 
monolayer on the Au film and allowed  the dye to be perfectly oriented into the molecular 
structure, thereby preventing aggregation; this work claimed simulated Purcell factor 
enhancements of 3.5 × 106 (Baumberg et al., 2019). Another strategy comprised the use of a 
DNA origami construct modified with thiol groups, to attach first onto the gold substrate film, 
followed by addition of colloidal Au nanospheres. By generating a nanocavity with less than 
5 nm gap between two plasmonic components with a chemically precisely placed single 
molecule of Cy5 dye (Figure 5d) (Chikkaraddy et al., 2018; Kongsuwan et al., 2018), the 
fluorescence emission with the Cy5 dye in the nanocavity revealed a strongly enhanced 
intensity (Figure 5d2) and a Purcell factor enhancement up to ≥ 4000 (Figure 5d3). The signal 
decreased when the dye moved a few nm away from the center of the gap, thus confirming 
the importance of a precise positioning of the emitter in the nanocavity, to match the 
nanovolume of highest electromagnetic field enhancement (Figure 5d1)  (Chikkaraddy et al., 
2018). 
 
NPoM studies from other groups used fluorescent emitters molecules as spacers to control 
the gap distance, such as Au nanospheres coated with a polypyrrole emitter of varying 
thickness, drop-casted on an Au film.  The emission signal achieved an enhancement factor 
of up to ~7000 for a 7 nm polypyrrole  shell thickness (Y. Wang & Ding, 2019). Other NPoM 
works used luminescent NPs (Goßler et al., 2019; Sugimoto et al., 2018), such as silicon QDs 
(Si QDs) dispersed in methanol and drop-cast on an Au film forming monolayers, followed by 
addition of Au nanorods on top. In this case, the gap corresponds to the Si QDs diameter of 3 
nm, sandwiched between the Au nanorods and the Au film, resulting in an enhancement 
factor greater than 900 (Sugimoto et al., 2018).   
 
Overall, in NPoM nanocavities the distances between the metal and the fluorescence emitter 
can be reduced to around or even less than 5 nm without quenching, while these nanocavities 
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often provide far greater enhancement of the fluorescence emission, compared to isolated 
AuNPs or AuNPs on glass substrates (Table 1). 
3.2 Strategies with high structural control 
3.2.1 Interfacial self-assembly 
Suitable functionalization of NP surfaces can be exploited to trap them at the interface 
between two immiscible phases, where they will form an organized layer due to interfacial 
phenomena (Figure 6a), such as electrostatic interactions, capillarity, and van der Waals 
forces. The Langmuir–Blodgett (LB) method is a classic example of this technique, which 
utilizes the liquid-air interface to self-assemble NPs into ordered monolayers, subsequently 
compressed by using a so-called LB trough, and then transferred onto substrates, producing 
extended closely-packed monolayers (Vogel et al., 2015). 
 
Interfacial self-assembly has been used to prepare plasmonic substrates composed of 
different AuNP types and then applied in proof-of-concept Fluorescence Resonance Energy 
Transfer (FRET)-based DNA microarrays or for FRET imaging of live cells (Hou et al., 2020). 
Synthesized Au@Ag nanocubes, Au@Ag nanorods, and Au nanorods, with different plasmon 
resonances (Figure 6b) to match the excitation and emission wavelengths of the fluorophores 
(BDP-FL, Cy5, and IR-800CW), were modified with polydopamine (PDA), which also acted as a 
spacer, and mixed with chloroform. AuNPs formed a film at the water/chloroform interface, 
water was then carefully removed and a glass slide dipped into the chloroform and slowly 
lifted (Figure 6a), resulting in coating of the slide with a monolayer of AuNPs (Figure 6c). The 
resulting plasmonic substrates were tested on a total internal reflection fluorescence (TIRF) 
microscope for the imaging of live MDA-MB-468 cells, using a Cy3/Cy5 FRET probe to label 
the cell membrane (Figure 6d). Fluorescence images using a plasmonic substrate with Au@Ag 
nanorods, best matching the Cy5 dye optical spectra, showed a significant enhancement of 
the fluorescence signal compared to bare glass (Figure 6e,f) (Hou et al., 2020). This work 
demonstrated the versatility of self-assembling AuNPs with tailored plasmon resonances to 
obtain plasmonic substrates matching the optical properties of different fluorophore emitters 
and maximize enhancement.  

 
Figure 6. Interfacial assembly of AuNPs. a) Schematic of the fabrication of plasmonic substrates by 
interfacial assembly, AuNPs organized into monolayers at the water/chloroform interface are 
transferred to a glass substrate.  b) Extinction spectra of substrates obtained by assembly of Au@Ag 
nanocubes, Au@Ag nanorods, and Au nanorods, respectively. c) SEM of the assembled plasmonic 
substrates on glass slides (scale bars: 400 nm).  d) Schematic of total internal reflection fluorescence 
(TIRF) microscopy using interfacially assembled plasmonic substrates with enhanced fluorescence 
resonance energy transfer (FRET) imaging. e) Fluorescence images of MDA-MB-468 cells on glass and 
f) on a plasmonic substrate (scale bar: 20 µm) (Hou et al., 2020). 
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3.2.2 Controlled evaporation self-assembly 
In this method, a droplet of a NP colloid is evaporated on top of the substrate under controlled 
conditions of temperature and humidity (Figure 7a1). Due to solvent evaporation, as the NPs 
concentration increases to a critical volume, capillary forces pull the NPs closer together 
driving the self-assembly. Controlled evaporation self-assembly has been applied for example 
to fabricate ordered 2D or 3D supercrystals (García-Lojo et al., 2019; Z. Li et al., 2022), 
eventually used in PEF studies, for example to improve the luminescence efficiency of UCNPs 
(Figure 7a3) (Yin et al., 2016). In this study, a dispersion of CTAB-stabilized AuNRs was left to 
evaporate over 24h under controlled temperature of (21 °C) and humidity (~70%) (Figure 
7a1). As a result, the Au nanorods (Figure 7a2) self-assembled into vertically aligned 
monolayer supercrystals on the glass substrate (Figure 7a4), is possible to see the contrast 
compared to random aggregated Au nanorods (Figure 7a5). Then a MoO3 spacer was used to 
optimize the distance between the Au surface and NaYF4:Yb3+,Er3+ UCNPs. The spacer 
thickness of ∼8 nm produced the highest enhancement factor, with a 35-fold value (Yin et al., 
2016). 
 
Additionally, the controlled evaporation approach was used to obtain ordered AuNR 
monolayer array chips and demonstrate DNA probe detection (Mei & Tang, 2017). In this case, 
the Au nanorods were functionalized with a thiol-modified hairpin ssDNA carrying the 
Quasar670 dye on the 5ʹ position, which is quenched due to proximity to the Au surface. Upon 
hybridization with the complementary ssDNA, the hairpin loop was opened, thereby 
extending the dye molecule ∼16 nm away from the gold surface, in turn resulting in a 
maximum of enhanced fluorescence (Mei & Tang, 2017).     
 
Controlled evaporation thus allows to generate ordered AuNPs, but has the limitation of low 
precision on the location and dimensions of these assemblies on the substrate, most often 
being restricted to the location/size of the initial colloid drop. 
 
 
3.2.3 Template-controlled self-assembly  
This is a slightly more sophisticated approach, in which a two-dimensional, topographically 
pre-structured, patterned template is used to direct the assembly of AuNPs from solution, 
thereby providing a high degree of structural control and precise location of AuNP 
superlattices on the substrate (García-Lojo et al., 2019; Hamon & Liz-Marzán, 2015; Z. Li et 
al., 2022).  
 
Different types of template-controlled assembly have been reported. For example, it is 
possible to use a PDMS mold with cavities, together with a high concentration of AuNPs 
(Figure  7b1); upon drying and careful removal of the PDMS mold highly organized 
supercrystal arrays are obtained, with features that can be as small as 200 nm (Hanske et al., 
2019). This work also showed that the composition of the solvent may be crucial, as 
exemplified by the deposition of standing or laying Au nanorods when water or water/ethanol 
mixtures, respectively, were used (Figure 7b2,b3). 
 
In the case of capillary-assisted self-assembly, the principle is based on a controlled de-
wetting process. A dispersion of NPs forms a moving liquid evaporating meniscus interface, 
in which the NPs are concentrated and trapped by capillary forces into the topographical 
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cavities of a template (Figure 7c).  The size and shape of the template cavities can be selected 
by lithography techniques in silicon substrates, thereby enabling the precise position of 
isolated NPs in a template substrate array (Ni et al., 2018).  
 

 
Figure 7.  a) Controlled-evaporation self-assembly. a1) Schematic of the process: a drop of AuNR 
dispersion is evaporated under controlled conditions, originating a vertically aligned monolayer of Au 
nanorods, followed by the deposition of NaYF4:Yb3+,Er3+ upconversion nanoparticles (UCNP), 
separated by a MoO3 spacer. a2) TEM images of Au nanorods and a3) UCNP. a4) SEM images of 
vertically aligned Au nanorods (insert, side view) and a5) random aggregates of Au nanorods (Yin et 
al., 2016).  b) Template-controlled self-assembly. b1) Schematic depicting a drop of AuNP dispersion 
confined between the PDMS mold and the substrate; upon drying and PDMS lift-off organized 
supercrystals are obtained. b2) SEM images of standing AuNRs obtained when dispersed in water or 
b3) laying AuNR supercrystal arrays when dispersed in a water/ethanol mixture (Hanske et al., 2019).  
c) Schematic of capillary-assisted self-assembly, AuNPs are directed and trapped into template 
cavities by capillary forces (Ni et al., 2018). d) DNA-assisted self-assembly. d1) Schematic of polymer 
PMMA holes and sequential assembly of ssDNA-modified AuNPs with complementary sequences. d2) 
SEM images of two- and three-layer stacks of AuNP superlattices (scale bar: 300 nm) (Lin et al., 2018). 
e) Templated self-assembly of heterodimers composed of UCNP and AuNR on a silicon substrate. 
SEM images of e1) empty cavities, e2) single UCNP and e3) heterodimer UCNP/AuNR in SiO2 template 
(Scale bars: 100 nm). e4) Schematic of UCNP assembly with “squeegee method” and e5) AuNRs 
positioned in the cavities by capillary-assisted assembly. e6) Inverse-variance weighted average 
photoluminescence (PL) intensity for a power density of 1.6 x106 W/cm2 and e7) 1.6 x105 W/cm2. e8) 
simulated transverse and e9) longitudinal excitation polarization field intensity enhancement maps. 
(Greybush et al., 2014). 
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Recent developments with DNA-assisted self-assembly have enabled the controlled 
formation of individual 3D arrays of stacked NPs (Lin et al., 2018). Here, an array of pores was 
fabricated in a PMMA-coated gold substrate by electron beam lithography, and its bottom 
was modified with DNA. By sequential immersion in a dispersion of AuNPs functionalized with 
DNA sequences complementary to the previous one (Figure 7d1), stacks of AuNPs are created 
(Figure 7d2). 
 
Few studies can be found in the literature, where templated self-assembly of colloidal AuNPs 
is associated with PEF (Table 1). One example was provided by Murray and Kagan et 
al.(Greybush et al., 2014), who demonstrated plasmon-induced fluorescence enhancement 
of individual dimers comprising NaYF4:Yb3+,Er3+ UCNPs and AuNRs placed by capillary-assisted 
self-assembly on a silicon template (Greybush et al., 2014). In this study, the template pattern 
was prepared by electron beam lithography (EBL), leading to cavities on the silicon substrate. 
The shape of the cavities was selected so that individual UCNPs were located at the center 
and the extended arms of the template could accommodate individual AuNRs (Figure 7e1). 
The UCNPs were assembled by a “squeegee method” (Figure 7e4) (Saboktakin et al., 2013), 
where a drop of UCNPs colloid in hexane was dragged across the surface with a piece of PDMS 
to assemble them into the template, followed by removal of PMMA and deposition of a thin 
6 nm layer of SiO2 by atomic layer deposition (Figure 7e2). This technique secured the UCNPs 
in place and provided a spacer to avoid quenching by AuNRs too close to UCNPs. The process 
was followed by capillary-assisted self-assembly of AuNRs, by depositing a drop of AuNR 
colloid between a fixed glass slide and the substrate, which was slowly moved on a translation 
stage (Figure 7e5). The meniscus moved along the template, thereby driving and trapping the 
AuNRs into the cavities by capillary forces (Figure 7e3). 
 
This study claimed several-fold enhancement of the emission by AuNP/UCNP dimers 
compared to single UCNPs, as well as a dependence on the excitation laser polarization 
relative to the AuNR axis (Figure 7e6, e7). More precisely, a longitudinal polarization resulted 
in higher enhancement compared to the transverse polarization, in agreement with 
simulations showing that the field intensity is amplified at the AuNR tip where the UCNP is 
positioned (Figure 7e8, e9). 
 
Overall, templated self-assembly provides a high level of control on the location of AuNPs on 
the substrate. As a limitation, one can mention that it is a more complex method, requires 
additional steps, optimization, and uses more advanced instrumentation, such as lithography 
techniques, to obtain isolated AuNPs arrays.   
 
 
4. Conclusions and Future Directions 
 
To conclude, one of the next key challenges in the field of bottom-up self-assembly involves 
the use of purposely synthesized AuNPs with the desired properties for crafting/assembling 
micro- or macroscale materials. We propose that self-assembly protocols not only will 
champion the assembly of high-quality structures, but will also deliver those assemblies of 
interest on the desired locations on a substrate, with a high degree of control. 
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In the present review, we have summarized different strategies and studies involving 
increasing structural control over AuNPs self-assembled on planar substrates, focusing on 
their PEF effect. The development of these structures is presented in terms of an increasing 
structural control over the final self-assembled state. We note however, that most of the 
existing studies exploiting self-assembly techniques give rise to random or rather limited 
control over the distribution of AuNPs on the substrate. Additional studies are needed, which 
involve plasmonic substrates with a higher degree of control over the placement of AuNPs. 
Moreover, most PEF studies have been carried out within the field of biosensing, where the 
plasmonic substrates are typically used as immunoassay platforms, whereas a minority of 
studies are targeting bioimaging applications. Incidentally, plasmonic substrates are also 
commonly used to drive emission enhancement from UCNPs, QDs, etc. Importantly, the 
highest fluorescence enhancement factors have been described for self-assembly strategies 
involving the formation of metal-metal nanogaps, such as NPoM geometries. In this construct, 
an accurate control over the metal-metal distance, as well as a precise placement of the 
emitter, are of paramount importance.    
 
We envision increasing opportunities for AuNP self-assembly strategies that provide high 
structural control. For instance, one can exploit the localized electric field enhancements 
around the tips of Au nanorods or Au bipyramids, by assembling the emitters through 
templated or capillary assembly protocols. Alternatively, studies can be undertaken to 
prepare superlattices with plasmonic AuNPs and QDs. Recent progress in the preparation of 
non-close packed self-assemblies of plasmonic AuNPs has allowed the localization of emitters 
in environments with varying electric field intensities. Lastly, we note that the field of 
controlled, templated self-assembly has seen the realization of lattice plasmon resonances, 
through the organization of plasmonic NP arrays that enable far-field coupling of the 
scattered light, giving rise to plasmon resonances with bandwidths as narrow as a few 
nanometers (Scarabelli et al., 2021). A similar organization of perovskite NPs into photonic 
architectures has resulted in enhanced electric field intensities, producing amplified 
spontaneous emission under low laser fluences (Vila-Liarte et al., 2020). These studies could 
be extended to the field of PEF, where not only appropriately placed plasmonic AuNPs, but 
also structural factors like lattice spacing, photonic architectures, etc., can be used to modify 
and improve the optoelectronic response of the system. 
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Table 1 – Plasmon fluorescence enhancement studies of colloidal AuNPs on planar 
substrates. The type of spacer and distance normally refer to the spacer thickness, meaning the distance 
between the emitter and the gold surface, except when indicated otherwise # please see reference for details. 

Self-
assembly 
strategy   

Application (Description) NPs type 
(Substrate) 

Enhancement factor 
(Emitter) 
[Spacer and distance] 

Reference 

 
 
 
 
 
 
 
 
 
 
Solution phase 
growth  

Microarray immunoassay 
(carcinoembryonic antigen) 

Au nanoislands film 
(glass) 

∼100-fold(IR800), 
∼15-fold (Cy5) 

(Tabakman, 
Lau, et al., 
2011) 

Microarray immunoassay 
(panel of 6 cytokines) 

Au nanoislands film 
(glass) 

∼100-fold (IRDye 800) (B. Zhang et al., 
2012) 

Microarray immunoassay 
(antibodies against systemic lupus 
erythematosus) 

Au nanoislands film 
(glass) 

∼100-fold (IRDye 800) (B. Zhang et al., 
2013) 

Microarray (autoantibodies for type I 
diabetes) 

Au nanoislands film 
(glass) 

∼100 (IRDye800), 
∼50 (Cy5), ∼30-fold (Cy3) 

(B. Zhang et al., 
2014) 

Microarray (Lung cancer biomarkers) Au nanoislands film, 
pGOLD (glass) 

∼50-fold (IRDye800) (B. Liu et al., 
2016) 

Microarray (Autoantibodies for 
Toxoplasma gondii)  

Au nanoislands film 
(glass) 

N/A (Cy3, IRDye680, 
IRDye800) 

(X. Li et al., 
2016) 

Cellular imaging (Immunostaining of 
tubulin, HER2, EGFR) 

Au nanoislands film, 
pGOLD (glass) 

∼2.7 (Cy3),∼3.3(Cy5), 
∼18 (IRDye680), ∼21-fold 
(IRDye800) 

(Koh et al., 
2016) 

Microarray (Autoantibodies markers 
of hypertension) 

Au nanoislands film 
(glass) 

∼100-fold (IRDye800) (X. Li et al., 
2017) 

Microarray (Autoantibodies against T. 
gondii, cytomegalovirus, and Rubella) 

Au nanoislands film, 
pGOLD (glass) 

N/A(IRDye800, IRDye680) (X. Li et al., 
2019) 

Antibody microarray (myocardial 
infarction markers) 

Au nanoislands film, 
pGOLD (glass) 

∼130-fold (IRDye800) (Xu et al., 2020) 

Solution phase 
growth, 
assisted by 
block 
copolymer 
micelles  

Immunoassay 
(Plasmodium falciparum lactate 
dehydrogenase)  

Hexagonally 
arranged Au NPs  
(glass) 

70000 (Cy5) [antibody/ 
aptamer ∼10nm] 

(Minopoli et al., 
2020) 

Immunoassay (Plasmodium 
falciparum lactate dehydrogenase) 
 

Hexagonally 
arranged AuNPs, 
isolated AuNPs 
(glass) 

160 (5-FAM), 
4500 (Cy5) [antibody/ 
aptamer  5-10nm] 

(Minopoli et al., 
2022) 

 
 
 
 
 
 
 
 
 
Electrostatic 
interactions  
 
 
 
 
 
 
 
 
 
 

Basic Research  
(optimize spacer distance) 

Au nanospheres 
(glass) 

5-fold ((CdSe)ZnS QDs) 
[polyelectrolytes ∼11 nm] 

(Kulakovich et 
al., 2002) 

Immunosensor 
(hepatotoxins microcystin-LR) 

Au nanorods or 
nano-crosses (glass)  

2.3- to 35-fold (Cy5) 
[protein/antibodies 20.3 nm 

(Y. Li et al., 
2014) 

Basic Research  
(optimize spacer distance) 

Au nanospheres 
(glass) 

99-fold (CF620R), 
17.6-fold(Nile blue A) 

(Chekini et al., 
2015) 

Basic Research  
(optimize spacer distance) 

Au nanorods 
(silicon) 
 

22.6-fold (Lanthanide-doped 
UCNPs) [polyelectrolytes 8 
nm] 

(Feng, You, et 
al., 2015) 

Basic Research (optimize spacer 
distance) 

Au nanorods 
(silicon) 

10.6-fold (NaYF4:Yb,Er 
UCNPs) [polyelectrolytes  8 
nm] 

(Feng, Lin, et 
al., 2015) 

Microarray immunoassay 
(Kidney injury molecule 1, neutrophil 
gelatinase-associated lipocalin) 

Au nanorods, 
Au core/Ag shell 
cubes  (PDMS)   

Up to 10.3-fold (LT680, 
800CW)  
 

(Luan et al., 
2018) 

DNA biosensor 
(hybridization with labeled ssDNA) 

Au NPs  
(porous silicon)  

2-fold (Rhodamine red) (J. Wang & Jia, 
2018) 

Basic Research  
(optimizing enhancement) 

Au and Ag 
nanospheres (glass) 

1.8-fold (InP/ZnSe/ 
ZnSeS/ZnS QD) 

(Kulakovich et 
al., 2021) 

Immunoassay 
(Plasmodium falciparum lactate 
dehydrogenase)  

Au nanospheres 
(glass) 

340-fold (5-FAM) [antibody/ 
aptamer, ∼10nm] 

(Minopoli et al., 
2021) 

Basic Research and Immunosensor 
(human IgG) - SPCE sensor 

Au nanoshells    
(gold film) 

Up to 110 -fold (RhB) [#dye 
doped PVA film 30 nm] 

(Xie et al., 2021) 
 

 
 
 
Drop-casting  
 
 

Basic Research (enhance emission 
from UCPL) 
 

Au nanorod@SiO2 
@CaF2:Yb3+,Er3+ 
hybrids (glass)  

6.7 (CaF2:Yb3+,Er3+ 
UCNP) [SiO2 spacer ∼20 nm] 

(He et al., 2017) 
 

Basic Research (nanoparticle-on-
mirror) 
 

Au nanospheres  
(Au film) 

Purcell factor 3.5 × 106 
(methylene-blue), [# 
encapsulated in 
cucurbit[7]uril  0.9 nm] 

(Chikkaraddy et 
al., 2016) 
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 Basic Research  (thermoplasmonic 
enhancement) 

Au nanostars  
(glass) 

N/A (NaGd(Y)F4 UCNP) 
 

(Martínez et al., 
2018) 

Basic Research (enhance emission 
from FNDs) 

Au nanorods 
(glass) 

(Fluorescent Nanodiamonds 
(FNDs)) 

(J. Zhao et al., 
2018) 

Basic Research (nanoparticle-on-
mirror) 

Au nanorods 
(Au film) 

>900-fold (silicon QDs) [# 
monolayer of QDs size 3 nm] 

(Sugimoto et 
al., 2018)   

Basic Research (nanoparticle-on-
mirror) 

Au nanospheres and 
Ag cubes  (Au film) 

>1000 (AIS/ZnS QDs) 
[#polymer and surfactant 
spacer sub 10 nm] 

  (Goßler et al., 
2019) 

Basic Research (nanoparticle-on-
mirror) 

Au nanospheres  
(Au film) 

~7000 (pyrrole) 
[#polypyrrole shell of 7 nm] 

(Y. Wang & 
Ding, 2019) 

Basic Research (enhance emission 
from QDs) 

Au nanorods 
(glass) 

7.2-fold (silicon QDs) [SiO2 
spacer ∼5 nm] 

  (Pavelka et al., 
2021) 

Blade coating Basic Research (enhance emission 
from UCPL) 

AuNPs (YF/YOF:Yb3+,Er3+ UCNPs) (Ngo et al., 
2022) 

Thiol–Au 
binding  

Bioimaging of Hela cells (folate 
receptor alpha (FRα) labelled 
antibody) 

Au nanostars (glass) Up to 19-fold (AF-680)  (Theodorou et 
al., 2019) 

DNA origami 
assisted 
attachment 
 

Basic Research (nanoparticle-on-
mirror) 

Au nanospheres  
(Au film) 
 

Purcell factor  
≥4000 (Cy5),  
[# integrated in DNA less 
5nm] 

(Chikkaraddy et 
al., 2018) 

Basic Research (nanoparticle-on-
mirror) 

Au nanospheres  
(Au film) 

(Cy5) [# integrated in DNA 
less 5nm] 

(Kongsuwan et 
al., 2018) 

Spin coating or 
dry casting   

Basic Research (thermoplasmonic 
enhancement) 

Au nanostars (glass) ∼3.5 (NaGd(Y)F4 UCNP) (Martínez et al., 
2018) 

 
 
 
 
 
 
 
 
 
 
Spin coating  
 
 
 
 
 
 
 

Basic Research (single-molecule 
fluorescence detection) 

Au nanorods (ITO 
glass) 

1.5 more total photons 
(mCherry)  

(Donehue et al., 
2014) 

Basic Research (optimize spacer 
distance) 

Au nanorods (glass) 3.4-fold (mCherry), 1.5-fold 
(Cy3.5) [polyelectrolytes, 
silica	∼ 10 nm ] 

(Fu et al., 2015) 

Basic Research (two photon 
enhancement of QDs in solution) 

Au nanorods (glass) (CdSe/ZnS core–shell QDs) (W. Zhang et 
al., 2018) 

Biosensor (SPCE platform to detect 
Spermidine) 

Au-decorated SiO2A 
NP hybrids (Ag film) 

88-fold (Rh6G) [#dye doped 
PVA film 30 nm] 
 

(Bhaskar, 
Kowshik, et al., 
2020) 

Basic Research (SPCE platform) 
 

Au nanospheres 
and Au nanostars 
(Ag film) 
 

7-fold (Rh6G) for Au 
nanospheres; 100-fold 
(Rh6G) for Au nanostars 
[#dye doped PVA film 30 nm] 

(Bhaskar, Patra, 
et al., 2020) 

Basic Research (photonic crystal-
coupled emission (PCCE) and SPCE 
platforms) 
 

Au Soret colloids;  
Nd2O3 nanorods 
(Ag film - SPCE); 
(one-dimensional 
photonic crystal - 
PCCE)  

>360-fold (RhB) in SPCE; 
>1500-fold (RhB) PCCE 
platform  [#dye doped PVA 
film 30 nm] 
 
 

(Bhaskar et al., 
2021) 

Biosensor (SPCE platform to detect 
Mefenamic Acid)  

AgAu nanocubes  
(Ag film)  

1300-fold (RhB) [#dye doped 
PVA film 30 nm] 

(Bhaskar et al., 
2022) 

Interfacial 
assembly 
 
 

Cell bioimaging (TIRF/ FRET imaging 
of live cells) 

Au@Ag nanocubes, 
Au@Ag nanorods, 
and Au nanorods 
(glass) 

3.4 (BDP-FL), 12.9 (Cy5), 62.1 
(IR-800CW); 
2.1 (Cy3/Cy5 FRET pair) [PDA 
20 nm] 

(Hou et al., 
2020) 
 

Controlled 
evaporation 
self-assembly 

Basic Research (DNA molecular 
beacon optimization) 

Au nanorods (glass) 
 

∼0.8** (Quasar670 dye) 
[hairpin ssDNA  ∼ 16 nm] 

(Mei & Tang, 
2017) 

Basic Research (enhance emission 
from UCPL) 

Au nanorods (glass) 
 

35-fold (NaYF4:Yb3+, Er3+ 
UCNP) [MoO3 ∼8 nm 
distance] 

(Yin et al., 2016) 
 

Template  
and capillary 
self-assembly 

Basic Research (enhance emission 
from UCPL) 
 

Au nanorods 
(silicon) 
 
 

1.8-fold simulated 
(NaYF4:Yb3+,Er3+ UCNPs)  
[SiO2 6 nm] 

(Greybush et 
al., 2014) 

5-FAM (5-carboxyfluorescein), AF-680 (AlexaFluor680), FRET (Fluorescence resonance energy transfer), PCCE (Photonic Crystal-Coupled 
Emission), PDA (polydopamine), PDMS (polydimethylsiloxane), PVA (polyvinylalcohol), Quantum Dots (QDs), Rh6G (Rhodamine 6G), RhB 
(Rhodamine B), SPCE (Surface plasmon-coupled emission), TIRF (Total internal reflection fluorescence), UCNPs (Upconversion 
Nanoparticles). 
 
**value from graphic plot, see reference for enhancement factor formula calculation details. 
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