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The spontaneous interaction between noble metals and biological scaffolds 
enables simple and cost-effective synthesis of nanomaterials with unique  
features. Here, plasmonic silver nanorings are synthesized on a ring-like 
protein, i.e., a peroxiredoxin (PRX), and used to assemble large arrays of 
functional nanostructures. The PRX drives the seeding growth of metal silver 
under wet reducing conditions, yielding nanorings with outer and inner 
diameters down to 28 and 3 nm, respectively. The obtained hybrid nano-
structures are selectively deposited onto a solid-state 2D membrane made of 
graphene in order to prepare plasmonic nanopores. In particular, the interac-
tion between the graphene and the PRX allows for the simple preparation 
of ordered arrays of plasmonic nanorings on a 2D-material membrane. This 
fabrication process can be finalized by drilling a nanometer scale pore in the 
middle of the ring. Fluorescence spectroscopic measurements in combina-
tion with numerical simulations demonstrate the plasmonic effects induced 
in the metallic nanoring cavity. The prepared nanopores represent one of 
the first examples of hybrid plasmonic nanopore structures integrated on a 
2D-material membrane. The diameter of the nanopore and the atomically 
thick substrate make this proof-of-concept approach particularly interesting 
for nanopore-based technologies and applications such as next-generation 
sequencing and single-molecule detection.
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1. Introduction

Functional nanomaterials are drawing the 
attention of different scientific commu-
nities due to their unique mechanical,[1] 
magnetic,[2] electrical,[3] and optical[4] prop-
erties, which cannot be found in most of 
the corresponding bulk materials.[5–7] In 
this scenario, noble metallic nanostructures 
are intensively investigated for a wide 
range of applications such as electronics,[8] 
catalysis,[9] photonics,[10,11] sensing and 
biomedicine.[12–14] Among others, one of 
the most interesting phenomena related to 
metal-based nanostructures is their ability 
to couple with electromagnetic radiation 
and generate surface plasmons.[15,16] Sur-
face plasmons can be used to engineer and 
localize electromagnetic fields, which find 
application in diverse fields, ranging from 
photonics to biosensing.[17]

Different approaches have been devel-
oped in order to prepare metallic nanostruc-
tures. Standard fabrication techniques, like 
thin-film deposition and nanolithography, 
exploit a “top-down” approach in which 
matter is sculpted and shaped until the 

desired final nanomaterial is achieved. Due to its robustness and 
efficiency, this method represents the main fabrication approach. 
Yet it is remarkably costly, both in terms of time and cost of the 
required facilities.[17,18] In contrast, bottom-up fabrication tech-
niques offer the possibility to produce patterns on large scales at 
low costs.[19–21] One of these techniques is colloidal lithography.[22]

An alternative “bottom-up” approach that is quickly 
emerging as a valuable and cost-efficient strategy is based on 
the interaction between precursor molecules forming nano-
structures.[23] In this context, nature provides several examples 
of self-assembling nanomaterials that can be applied to nano-
technology.[24,25] In particular, DNA and proteins are considered 
groundbreaking tools as they naturally self-assemble into sev-
eral multi-level architectures.[26] Proteins are being explored for 
supramolecular chemistry applications and inspire the design 
of novel artificial nanomaterials fabricated by biotechnological, 
chemical, and computational expedients.[27,28] The access to 
ready-to-use protein assemblies with discrete structural patterns 
such as cages,[29] rings,[30] and tubes[31] is leading to promising 
results, for example, in magnetic resonance-based imaging.[32] 
As proteins, DNA has been used for similar purposes and 
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DNA origami finds now interesting applications as scaffold for 
nanofabrication.[33–39] Compared to DNA, proteins are more 
versatile thanks to their multiple anchoring sites, e.g., amino 
acids such as lysine, glutamate, and cysteine, ready for func-
tionalization by means of amine, carboxyl, or thiol-reactive dyes, 
cross-linkers, and other biomolecules.[40,41] Note that in many 
proteins the carboxyl and amine-terminal residues lie along the 
surface of rim and cavity thus providing two very independent 
surfaces for biofunctionalization.[42] Moreover, protein data 
banks provide a large variety of shapes,[43] size,[26] surfaces,[44] 
and chemical properties, which can be used to achieve nano-
structures with the desired morphology and features.[45]

In this context, ring-like proteins are likely to play a key role 
as they possess unique features, i.e., natural high abundance 
and remarkable structural stability.[46,47] In particular, 2-Cys per-
oxiredoxin (PRX) family members, such as the peroxiredoxin I 
from the human parasite Schistosoma mansoni (PRX), are par-
ticular intriguing. Ten identical subunits (≈25  kDa) of PRX, 
under reducing physiological conditions, associate into five 
dimers, which in turn undergo self-assembly into a large and 
stable ring-like complex (≈250  kDa) with thickness, and outer 
and inner diameters of 4.5, 12, and 6  nm, respectively (PDB 
code: 3ZTL).[44] Subunits interact in such a way that the PRX 
ring’s bottom and top surfaces are identical thus providing a 
double-faced appearance, while the inner and outer surfaces of 
the ring present distinct features that can be exploited for dif-
ferent protein derivatization.[48]

Here we present a bio-assisted synthesis of plasmonic 
silver nanorings using the ring-like protein PRX as a scaf-
fold (Figure  1). Electron microscopy, absorbance, and energy 
dispersion spectroscopy show that the surface amino acids 
of PRX can bind and arrange Ag+ ions in aqueous solution 
to allow seeding growth of Ag0 under wet reducing condi-
tions to finally achieve the synthesis of nanorings with inner 
and outer diameters down to 28 and 3 nm, respectively (PRX-
AgNRs). We demonstrate that these hybrid structures can be 
produced easily as colloidal suspension and integrated on-chip 
in order to prepare arrays of functional plasmonic nanostruc-
tures. In particular, we used the affinity between PRX and 
graphene to achieve a site selective deposition of PRX-AgNRs 
in large arrays (over hundreds of µm2) of plasmonic cavities. 
The integration of metallic nanoparticles on graphene has been 
previously investigated.[38] Here, the controlled PRX deposition 
and synthesis of PRX-AgNRs in large arrays is demonstrated 
for the first time. The possibility to finalize the fabrication 
with a nanometer-scale pore in the graphene layer enables 
the fabrication of self-assembled plasmonic nanopores. This  

architecture enables significant electric field confinement within 
the nanopore cavity as demonstrated via numerical simulations 
and verified by fluorescence spectroscopy. We foresee that our 
proposed architecture might have a huge impact on nanopore-
based technologies such as single-molecule detection and next-
generation sequencing where nanopore sizes comparable to 
the typical size of the genomic and proteomic information are 
highly demanded.

2. Results and Discussion

2.1. Structural and Elemental Features of the PRX-AgNRs

PRX-AgNRs were synthesized exploiting a “bottom-up” 
approach based on wet chemistry. Ag+ ions, formed by dissocia-
tion in water of the precursor AgNO3, were first absorbed on 
the surface of PRX protein. Thanks to the ring-like conforma-
tion of the PRX protein, after reduction of the protein-bound 
metal by NaBH4, PRX-AgNRs were achieved (see Figure 1).

The PRX-AgNRs have been examined by using transmis-
sion electron microscopy (TEM), as reported in Figure 2. Low 
magnification TEM micrographs showed the presence of elec-
tron-dense nanomaterials all over the carbon grid under dif-
ferent aggregation states likely due to the presence of metal 
(see also Note S1 in the Supporting Information). When 
increasing the magnification, single nanoparticles with non-
spherical or elliptical architecture are observed, some of which 
clearly exhibit a hollow ring-like shape due to a visible inner 
cavity (Figure 2A). A collection of such ring-like nanoparticles 
allowed the estimation of the outer diameters of the cavity to 
be roughly between 32 and 25 nm and the inner ones between 
6 and 1.9 nm with calculated average sizes of 28 ± 3 nm and 
3.0  ±  1.3, respectively. It is worth mentioning here that sev-
eral examples of metallic nanorings synthesis and fabrica-
tion have been reported in literature.[16,39,35,22,37] In almost 
all the cases[28] the size of the rings, in terms of outer and 
inner diameters, is in the scale of tens of nanometers, that 
is, an order of magnitude larger than the structures obtained 
here. Micrographs clearly show that the nanorings exhibit an 
apparent rough surface suggesting that metal seeding growth 
might have occurred during the synthesis. Energy dispersive 
spectroscopy (EDS) elemental analysis confirmed the pres-
ence of both PRX and silver within the nanorings. Indeed, 
the obtained color maps and related EDS spectra show the 
characteristic Ag signal (main peak at 3  keV) and other sig-
nificant elements such as sulfur (S) and nitrogen (N), which 
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Figure 1.  Outline of the PRX-AgNRs synthesis. The surface amino acids of the ring-like protein PRX (shown in blue ribbons) bind and spatially arrange 
Ag+ ions. Chemical reduction of the protein-bound Ag+ ions led to metal nanorings with an average diameter of 28 nm and a cavity of 3 nm.
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were assigned to the protein’s components, i.e., amino acids 
(see Figure  2B; and Note S1 and Figure S3, Supporting 
Information). These results clearly demonstrate the interac-
tion between Ag and the PRX ring scaffold to achieve metal 
nanorings synthesis. Indeed, it is well known that the pro-
teins’ surface amino acids such as arginine, lysine, histidine, 
glutamate, methionine, and cysteine are effective anchoring 
sites for Ag+ ions,[1,49] which can be chemically reduced to 
Ag0 precursors, perhaps small Ag0 clusters, acting as seeds 
for other ions.[50]

The synthesis protocol was optimized in order to achieve a 
good yield of PRX-AgNRs and to limit the presence of unde-
sired silver nanoparticles (AgNPs). First, considering the 

intrinsic reducing properties of citrate, dif-
ferent environmental conditions were tested 
for the synthesis. Dynamic light scattering 
analysis demonstrated that the reduction of 
Ag+ and therefore the formation of AgNPs 
is limited using pure water instead of cit-
rate buffer as dispersion solution (data not 
shown). However, the use of water during 
PRX-AgNRs synthesis led to not reproduc-
ible morphology as shown in Figure S4 (Sup-
porting Information). These results demon-
strate the importance of using citrate buffer 
(10  × 10−3 m, pH 5.5) for the production of 
nicely shaped PRX-AgNRs. Citrate buffer 
has presumably a double role in such situa-
tion: i) citrate ions stabilize the protein in its 
ring-like conformation during the synthesis 
and ii) Ag+ is better absorbed on the protein 
surface likely due to the negative charge of 
citrate-coated protein. Due to the need of 
using citrate to stabilize the protein ring-
like shape, the protocol was revisited varying 
the ratio of AgNO3:PRX used. As shown in 
Figure  2C keeping constant the amount of 
protein used (2  × 10−6 m) and varying the 
amount of AgNO3 (in the range between 
2.5 and 200 × 10−6 m), PRX-AgNRs with the 
ring-like shape/morphology were achieved 
in almost all cases. On the contrary, keeping 
constant the amount of AgNO3 (100 × 10−6 m)  
while changing the concentration of PRX led 
to metal PRX-AgNRs without a well-defined 
ring-like shape (see Note S1 and Figures S5 
and S6 of the Supporting Information).

As expected, the lower the Ag+:PRX ratio, 
the thinner was the silver layer over the pro-
tein surface. Most importantly, the use of 
low amount of Ag+ allowed to improve the 
yield of the synthesis. As can be inferred by 
looking at the TEM micrographs of Figure 3, 
this optimization increased the amount 
of useful PRX-AgNRs while dramatically 
decreasing the amount of undesired AgNPs. 
The image shows that the number of PRX-
AgNRs (red circles) is significantly higher 
compared to the undesired AgNPs (yellow 

circle), the latter showing very small diameters (≈2  nm). This 
is indeed a paramount result as the yield and the purity of 
the samples is crucial considering the final goal of this study 
that is their deposition on solid-state membrane and optimi-
zation of their plasmonic properties. From the analysis of the 
TEM images, we can state in a conservative way that using 
2.5  × 10−6 m of AgNO3 (ratio 1.25:1 Ag+:PRX) ≈80% of the 
nanomaterial visible on the TEM grids can be identified as 
the wanted structures (PRX-AgNRs). This was a five-fold yield  
increase of the number of ring-shaped nanomaterials com-
pared to that one obtained using 100 × 10−6 m AgNO3 (ratio 50:1 
Ag+:PRX; ≈15%). Additional details are provided in Note S1, 
Figure S7A,B, and Table S1 of the Supporting Information.

Adv. Optical Mater. 2020, 8, 1901583

Figure 2.  A) Ring-like nanoparticles having outer and inner diameter of 28  ±  3  nm and 
3.0  ±  1.3  nm, respectively, synthesized using 100 as ratio AgNO3:PRX. B) EDS analysis of 
Ag-PRX. Silver (red image) and sulfur (green image) are both detected for the ring-shaped 
nanomaterial indicating its hybrid metal-biocomposition. C) Example of PRX-AgNRs achieved 
by decreasing the amount of silver precursor used (AgNO3).
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2.2. Assembly of the PRX-AgNRs on Solid-State Membrane

Once the synthetic protocol in suspension was optimized, we 
focused the attention on the deposition of the PRX-AgNRs on a 
solid-state membrane. In principle, a simple drop casting can be 
used to prepare randomly distributed PRX-AgNRs as shown in 
Figure 3. Unfortunately, this is not suitable for nanotechnology 
applications that require well-organized nanostructures.[51]

In order to ensure an efficient site-selective deposition and 
to monitor every step of the process, i.e., deposition of PRX 
and successive AgNR formation/synthesis, we labeled the pro-
tein with a dye (Alexa647, suitable for fluorescent microscope 
analysis) and we optimized an in situ synthesis of PRX-AgNRs 
directly on the array. More in details, PRX was labeled using 
a PEGylated dye (PEG-Alexa647) and subsequently depos-
ited on the membrane. The protocol used for protein labe-
ling is described in the Experimental Section, whereas the 
UV–vis/fluorescence characterization of labeled-PRX can be 
found in Note S2, Figure S8, and Table S2 of the Supporting 
Information.

Two alternative approaches were evaluated for the site-selec-
tive deposition of labeled-PRX on the membrane: 1) chemical 
conjugation with di-thiol linker (see Note S3 of the Supporting 
Information) and 2) chemical affinity with 2D materials such 
as graphene. Best results were achieved using graphene as 2D 
material (reported in Figure  5). The design of the final struc-
ture is illustrated in Figure 4. It is worth noticing that the sub-
strate was an array of metallic nanoholes with graphene flakes 
on the bottom (details of the substrate preparation are reported 
in the Experimental Section and in Note S5 of the Supporting 
Information). The presence of graphene in discrete sites ena-
bles the site-selective deposition of PRX-AgNRs. Graphene, in 
fact, is known to promote the stable deposition of PRX rings 
over the surface.[52] This is likely due to noncovalent biofunc-
tionalization through van der Waals forces, electrostatics inter-
actions, and/or π–π stacking.[53–55]

The possibility to synthesize PRX-AgNRs with the desired 
morphology starting from deposited PRX was first tested on 
simple carbon and graphene TEM grids (Note S5 and Figure S10, 
Supporting Information). Once the protocol was developed, 
the synthetic procedure was used for the preparation of the 
plasmonic nanostructures directly on labeled-PRX deposited on 
the graphene-decorated nanohole array. In particular, the labeled 
protein suspended in citrate buffer (2 × 10−6 m) was deposited 
onto graphene flakes exposed in the holes of the substrate by 
drop casting. After all solvent had evaporated, the unbound pro-
tein, if present, was removed by washing with water. AgNO3 
(5 µL, 2.5 × 10−6 m) was added on the substrate and after 30 min 
removed by washing and gently drying under nitrogen. NaBH4 
(5 µL, 2.5 × 10−6 m) was then added and after 10 min the sub-
strate was finally washed with water.

By fluorescence confocal analysis it was then demon-
strated that the in situ synthesis allows the localization of the 
nanostructure selectively in the holes of the arrays and that the 
fluorescence properties of the dye were not affected by the syn-
thesis procedure (Figure  5). The properties of the fluorophore 
linked on the protein surface remained constant after silver 
coating as demonstrated by UV–vis analysis (Note S2 and Figure 
S8C, Supporting Information). As can be inferred from the TEM 
images (Figure  5C), PRX-AgNRs synthesized directly on the 
array were slightly larger in comparison to the one synthesized 
in suspension (Figure 3), with inner diameter of an average size 
value of 6.55 ± 2.75 nm. This can be explained by the favorable 
conditions present in correspondence of the nanoholes. Indeed, 
as it can be observed in the first image of Figure  5C (inset), 
AgNPs tend to form at the edge of the nanohole where arti-
facts of the substrate potentially induce the growth of metallic 
particles under mild conditions.[56] These small AgNPs can be 
included during the reduction of Ag+ to Ag deposited on the pro-
tein surface thus resulting in the formation of PRX-AgNRs with 
larger diameter, filling all the space available in the hole.

It is worth mentioning here that the inner diameter of 
the plasmonic ring-like nanostructure, fundamental for the 
flow-through applications of the structure, remains intact. In 
particular, we verified that a 2  nm pore can be drilled in the 
center of the ring, through the graphene sheet on which the 
PRX-AgNRs lies, by means of TEM sculpturing[57] (see Note S5 
and Figure S13 in the Supporting Information). Unfortunately, 
TEM-based procedures for nanopore fabrication are expensive 
and time consuming. On the contrary, alternative approaches 
driven by the plasmonic nanostructure[44,45] can be applied to 
our device. In fact, a plasmonic nanostructure on an atomic 
thin layer of graphene has been demonstrated to enable the 
self-aligned creating of pores.[58,59]

Adv. Optical Mater. 2020, 8, 1901583

Figure 3.  TEM image of sample prepared using 2.5 × 10−6 m of AgNO3. 
Using low amount of AgNO3, PRX-AgNRs (red circles) outnumber AgNPs 
(yellow circle), which are very small in size (≈2 nm).

Figure 4.  Cartoon of the prepared hybrid structure.
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2.3. Plasmonic Effect of PRX-AgNRs: Fluorescent Enhancement

Labeling PRX with a fluorescent dye for site-selective deposi-
tion experiments allowed us to demonstrate the method of 
deposition as well as to probe the potential emission fluores-
cence enhancement (EE) given by the plasmonic field within 
the nanopore cavity. However, it is worth to note that two dif-
ferent dyes were used to acquire the images by confocal micro-
scope (Alexa647) and for the EE measurements (ATTORho6G). 
The EE properties of the PRX-AgNR structures were evaluated 
carrying out a comparative lifetime analysis.[60] This method 
is independent from the number of emitting dyes and can 
be used to compare PRX and PRX-AgNRs directly. Using 

a home-made optical setup (see the Experimental Section), 
we computed the lifetime decay of the labeled PRX and the 
PRX-AgNR structures.

First of all, two samples with graphene-decorated nanohole 
arrays were fabricated. Separately, ATTORho6G labeled-PRX 
was deposited on the graphene-decorated nanohole arrays. In 
one of the two samples, labeled-PRX-AgNRs were successfully 
synthesized with the in situ protocol mentioned above. The life-
time of both samples was measured using our optical setup. 
Different nanoholes were measured for each sample. Note-
worthy, the ring shape can play a crucial role in terms of lifetime 
spectra when elastic scattering is the dominant process.[61,62] In 
our case, due to the reduced dimensions of our rings compared 
to usual plasmonic nanostructures exceeding 100  nm, the 
absorption is the main process in this energy range, and the 
largest cross section in plasmon-assisted fluorescence emis-
sion corresponds to the process of optical absorption, so we 
are already in an optimal regime.[63] Tiny morphology changes/
defects can affect the overall field enhancement due to the 
increased losses by a factor of two to three compared to the 
ideal perfectly ring-shaped structure, and the localization/con-
finement of the field. The obtained lifetimes were 2.3 ± 0.4 ns 
and 1.0 ± 0.8 ns for the PRX and the PRX-AgNRs, respectively. 
In Figure 6, two representative lifetime histograms are plotted. 
We found that the lifetime of the PRX-AgNRs was two times 
shorter than that of the PRX. This means that the emission of 
the ATTORho6G molecules is two times more efficient for the 
PRX-AgNRs structures. To note, the lifetime measurements are 
not enough to claim that there is a fluorescence enhancement, 
as the fluorescence is the combination of absorption and emis-
sion. Anyway, lifetime reduction, as well as local field enhance-
ment, is a typical effect of plasmonic structures.[60] Thus, our 
measurements provide good evidence that plasmonic effects 
are present in the PRX-AgNR structures.

In order to better illustrate the expected plasmonic effects, 
we performed numerical simulations by using COMSOL Mul-
tiphysics considering: (i) an AgNR with dimension similar 
to the one measured in experiments (external and internal 
diameter of 28 and 3 nm, respectively) and (ii) the same AgNR 
deposited on a plasmonic cavity with graphene (Figure  4A). 
To note, as demonstrated by Wang and Shen[64] the shape is 
not crucial in determining the quality factor of a plasmon 

Adv. Optical Mater. 2020, 8, 1901583

Figure 5.  A) Confocal image of labeled-PRX with PEG-Alexa647 depos-
ited on graphene-decorated nanohole array; The labeled-PRX is present 
in more than the 70% of the nanoholes. B) Confocal images of, respec-
tively, labeled-PRX (left) and labeled-PRX-AgNRs (right). In both cases the 
fluorescence was localized on the hole of the array and the fluorescence 
is not altered by the in-situ synthesis of PRX-AgNRs. C) TEM images of 
PRX-AgNRs deposited on a single nanohole of the array. Image with red 
borders shows an explicative nanohole.

Figure 6.  Lifetime spectra of dyes on PRX and PRX-AgNRs, respectively.
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resonance, but its average dimension. Although the mor-
phology of our AgNRs can slightly vary between different struc-
tures, it is always ring-like, so we decided to model our sam-
ples using a ring-shaped structure. The results are illustrated in 
Note S6 and Figures S14 and S15 of the Supporting Informa-
tion. If a single AgNR is considered in H2O, a significant elec-
tric field confinement with an intensity enhancement (|E/E0|2) 
of more than 300 can be achieved for an excitation wavelength 
of 532 nm. By changing the external diameter of the ring one 
can shift this plasmonic resonance to higher wavelengths, thus 
enabling a broadband control of the plasmonic enhancement 
in the nanopore. Finally, it is important to note that the AgNR 
suspended in H2O is not suitable for a real application, but con-
sidering the same design deposited on a graphene layer inside 
a gold cavity the strong electric field confinement is preserved 
even if it is five times lower in intensity. Finally, with the nano-
pore placed on the graphene layer (as shown in Figure S12 of 
the Supporting Information), the simulation demonstrates 
that the field is highly confined, thus confirming the potential 
interest of this architecture for sequencing applications.

3. Conclusions

In this paper, we realized an optimized synthesis of silver nanor-
ings (PRX-AgNRs) through an easy bio-assisted method where 
sub-5  nm nanopores can be prepared using PRX as template. 
The obtained ring-like nanostructures were selectively depos-
ited on nanoholes arrays by exploiting the affinity of interaction 
between protein and graphene. As proof of concept, we tested 
the enhanced plasmonic properties of the designed metallic 
nanoring: a decrease of the fluorescent lifetime was observed 
confirming the expected plasmonic effect typically expected in 
these kinds of nanostructures. A 2  nm pore can be drilled in 
the inner hole of the PRX-AgNRs deposited on the 2D support. 
This can enable the flow-through of molecules in the plasmonic 
nanoring as, for instance, a linearized single strand DNA that 
is below 1 nm wide or a small globular protein molecule that is 
close to 2–1 nm.[65] The plasmonic properties of PRX-AgNRs inte-
grated on the 2D membrane potentially allow the enhancement 
of signal measured from molecules flowing through the nano-
pore. The prepared structures represent one of the first examples 
of hybrid plasmonic nanopore integrated on a 2D-material mem-
brane. The diameter of the nanopore and the atomically thick 
substrate make this proof-of-concept approach particularly inter-
esting for nanopore-based technologies and applications such as 
next-generation sequencing and single-molecule detection.

4. Experimental Section
Bacterial Culture, SmPrxI (PRX) Expression, and Purification: PRX 

was obtained by heterologous expression as recombinant N-terminal 
6-histidine protein according to literature.[38,66] Briefly, BL21(DE3) pLysS 
bacteria cells (Novagen) were transformed with a PRX-encoding plasmid 
and grown in selective LB medium (Sigma-Aldrich) before inducing the 
protein expression with IPTG (Sigma-Aldrich). Cells were harvested by 
centrifugation and suspended in tris(hydroxymethyl)aminomethane (TRIS) 
buffer pH 8.5 containing 150  × 10−3 m NaCl before lysis by sonication. 
A clarified cell extract was obtained by ultracentrifugation and loaded 

onto a nickel-bound affinity column connected to an ÄKTAprime plus 
chromatography system (GE Healthcare). The protein was stripped out by 
flushing with imidazole (Sigma-Aldrich) and its purity assessed through 
nonnative polyacrylamide gel electrophoresis (Sigma-Aldrich). The protein 
concentration was estimated by spectrophotometry according to a molar 
extinction coefficient and a ring molecular weight of 25440 m−1 cm−1  
and 252.7  kDa, respectively. Ethylenediaminetetraacetic acid (EDTA) 
(EuroClone) and 2-ME (Sigma) were then added to remove any residual 
nickel and keep the protein in a ring conformation. Finally, the purified 
protein solution was sterilized by filter membranes (MDI Membrane 
Technologies, LLC) and stored at 4 °C up to 4 months. The protein 
concentration refers to the single subunit (25 kDa) throughout the text.

Silver Nanorings Synthesis: First, the purified PRX was dialyzed in 
10  × 10−3 m sodium citrate buffer pH 5.5 (Sigma-Aldrich) for buffer 
exchange and removal of contaminants such as NaCl, EDTA, and  
β-ME. Citrate buffer at pH 5.5 was chosen since it guarantees a net 
electric charge of the protein to get stable in solution as the isoelectric 
point of PRX is 6.19 according to ExPASy ProtParam tool. Further, it 
is known that PRX undergoes various oligomeric transitions from low 
molecular dimeric species (≈50  kDa) to high molecular weight ring-
shaped complexes (≈250  kDa) through chemical and physical stimuli. 
At acid pH of the citrate buffer (pH 5.5), the protein is stabilized as ring 
complex.[42] Dialysis was performed overnight at 8 °C using 15 kDa cutoff 
regenerated cellulose membranes (ThermoFisher Scientific) according 
to a volume ratio of 2500 (citrate buffer:PRX). The dialyzed protein was 
centrifuged 5 min at 10000 rpm at 8 °C to remove any aggregate and its 
concentration estimated by spectrophotometry (Nanodrop). The protein 
concentration was set at the desired concentration using citrate buffer 
as diluting solution. As a metal precursor, a stock solution of silver 
nitrate (AgNO3, Sigma-Aldrich) in Milli-Q water was freshly made in a 
1.5 mL low-adsorption tube (Sigma-Aldrich) and protected to light prior 
to use. Using 200  µL as final volume, 180  µL of PRX suspension was 
prepared at the desired protein concentration. To this solution 20 µL of 
AgNO3 was added reaching the desired final concentration. In particular, 
AgNO3 was added under shaking (500  rpm) at room temperature (RT; 
20 °C) 5 µL over 10 min (5 µL x 4). Table 1 shows the concentration of 
AgNO3 and PRX, respectively, used in this study and the corresponding 
ratio. The protein concentration refers to the single subunit (25  kDa) 
throughout the text. Therefore, if the ring-protein is considered, the ratio 
AgNO3:PRX will be always ten times higher than the one reported, which 
is related instead to the single protein unit since the concentration of 
ring-PRX is ten times lower than the one related to its single subunit.

Similarly, a buffered protein-free solution was made and used as 
control sample. Both samples were dialyzed 2 h at 8 °C under orbital 
shaking at 150 rpm in citrate buffer according to a volume ratio of 2500 
(citrate buffer:sample) to remove the excess of Ag+. After dialysis, a stock 
solution of reducing agent sodium borohydride (NaBH4, Sigma-Aldrich) 
was freshly prepared in Milli-Q water in a low-adsorption tube and it 
was added to the dialyzed samples under constant shaking (500  rpm) 
to induce chemical reduction of silver. A total volume of 20 µL of NaBH4 
was added drop wise (5 µL × 4) over 10 min of constant shaking at RT 
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Table 1.  Concentration of AgNO3 and PRX, respectively, and the corre-
sponding ratio.

Sample AgNO3 [× 10−6 m] PRX [× 10−6 m] AgNO3:PRX

1 200 2 100

2 100 2 50

3 50 2 25

4 25 2 12.5

5 10 2 5

6 5 2 2.5

7 2.5 2 1.25

8 1 2 0.5
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starting from a stock solution with specific concentration in order to 
achieve the desired concentration in the reaction. The final concentration 
of NaBH4 always corresponded to the concentration of AgNO3 
previously chosen. Samples were then dialyzed against citrate buffer for  
2 h. Note that citrate buffer was chosen as suitable diluting agent for 
AgNO3 as other buffering reagents such as TRIS, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), and 4-morpholinepropanesulfonic 
acid (MOPS) caused fast precipitation of the salt probably due to chelation 
of Ag+ ions and formation of insoluble complexes (data not shown).

Labeling of PRX: Depending upon the type of analysis, two different 
dyes were used to label the biological and hybrid materials: Alexa647, 
651–672  nm as, respectively, λex − λem (Alexa Fluor 647 Succinimidyl 
Ester; ThermoFisher) was used for confocal imaging while ATTORho6G, 
533–557 nm as, respectively, λex − λem (ATTO Rho6G Succinimidyl Ester; 
ATTO-TEC) was used for the evaluation of fluorescence lifetime.

In both cases, the dye was solubilized in 10  × 10−3 m phosphate-
buffered saline pH 8 and NH2-PEG-SH, 1  kDa (creative PEGWORKS) 
was added using as equivalent molar ration 1.5:1 (Dye:PEG). The 
reaction was shaken overnight at RT and finally dialysis was performed 
overnight at 8 °C using 300–500  Da cutoff regenerated cellulose 
membranes (ThermoFisher Scientific) to a volume ratio of 1000 
(deionized water:PEGylatedDye).

10  µL of the PEGylated dye was added to the suspension of PRX 
(2 × 10−6 m) reaching 100 × 10−6 m as final concentration and the mixture 
was shaken (500 rpm) overnight at 8 °C. The biological/hybrid material 
was then purified by dialysis against 500  mL of citrate buffer using 
15 kDa cutoff membrane for a minimum of 6 h. The so achieved labeled 
nanomaterials were characterized by spectrophotometric analysis 
(Tecan, Infinite M200).

In Situ Synthesis: Labeled-PRX was first deposited on the substrate 
(carbon/graphene TEM grids or membranes with graphene-decorated 
nanohole array): 5  µL of labeled-PRX at the desired concentration 
(2 × 10−6 m) was dropped on the substrate. Once the solvent evaporated, 
the substrate was washed by immersion in Milli-Q for 30 s and dried 
gently under nitrogen. Subsequently, 5 µL of AgNO3 solution in citrate 
buffer at the desired concentration (2.5 × 10−6 m) was dropped on the 
substrate. After 30 min the grid was washed again, dried with nitrogen, 
and 5  µL of NaBH4 (2.5  × 10−6 m) was dropped on the surface. After 
5 min the substrate was finally washed and dried.

Bright-Field Transmission Electron Microscopy: Bright-field transmission 
electron microscopy (BF-TEM) imaging was carried out to investigate 
the morphology of samples by means of a JEM 1011 microscope (JOEL) 
equipped with a tungsten filament operating at 80  keV. To this aim, 
2.5 µL (×2) of freshly prepared samples was dropped onto double carbon 
films (ultrathin carbon on holey carbon) on copper grids (Agar Scientific 
Ltd.) and let completely dry at room temperature under chemical hood. 
The grids were then rinsed three times with Milli-Q and gently dried with 
a mild nitrogen stream water before imaging by BF-TEM.

Preparation of Nanohole Array and Electrodeposition of Graphene 
Sheets: The substrate used for site-selective PRX deposition (illustrated 
in Figure 4) was prepared following procedure recently reported by our 
group.[67] In summary, an array of nanoholes was prepared by means of 
focused ion beam milling into a 100 nm thick Si3N4 membrane coated 
with 5//95  nm of Ti//Au. The diameter of the holes could be tuned 
by choosing the most suitable ion current; in our case holes of 60 nm 
were prepared. These nanoholes were then plugged with exfoliated 
graphene flakes[68] by using electrophoretic deposition.[67] An example 
of the prepared substrates is reported in Figure S11 of the Supporting 
Information. It is worth noting that the back side of the substrate was 
coated with gold (see Figure 4A), while the front side was coated with 
Si3N4. The graphene flakes were deposited on the gold layer, while the 
PRX was drop casted on the front side. This enabled the preferential 
deposition of PRX on graphene with respect to Si3N4 from where the 
PRX could be easily washed away.

Confocal Microscope Analysis: Labeled-PRX deposited on a 
graphene-decorated nanohole array and PRX-AgNRs synthesized 
in situ were imaged using a Nikon A1 confocal microscope. The 
structures were labeled with Alexa647 (651–672  nm λex − λem). The 

images were taken with a laser at 640 nm, and the fluorescence was 
collected in the 650–700 nm range.

Fluorescence Lifetime Analysis: The fluorescence lifetime analysis of 
both the labeled-PRX deposited on a graphene-decorated nanohole 
array and the labeled PRX-AgNRs synthesized in situ was done using 
a noncommercial optical setup. An avalanche photodiode, as well as 
the picosecond laser at 532 nm, was connected to a time-correlated 
single-photon counting module in time-resolved mode. Making use 
of a home-built code, a histogram of 300 bins was built, each of them 
having a temporal width of 30  ps. A certain time delay was applied 
to the laser channel, so that the histogram was monotonously 
decreasing. The histogram measurement was carried out for 150 s. 
A biexponential function of the kind / /Ae Bet tA B+τ τ− −  was used to fit 
the decay curve. The lifetime was estimated as A B

A B
A B( )τ τ τ= +

+ . Each 
measurement was repeated several times, and the result was given 
as the average plus an uncertainty given by the standard deviation. 
More information on the optical setup can be looked up in our 
previous publication.[60] ATTORho6G dyes (533–557  nm λex − λem) 
were used for the labeling.

Energy-Dispersive X-Ray Spectroscopy: Elemental analysis was carried 
out by energy-dispersive X-ray spectroscopy (EDS) by means of a Bruker 
XFlash5060 SDD system installed on the same TEM.

Numerical Simulations: Numerical simulations were carried out to 
investigate the optical response of the PRX-AgNRs. The electromagnetic 
response of an isolated nanoring was simulated using the finite-element 
method implemented in the RF Module of COMSOL Multiphysics. 
The dimensions of the outer and inner diameters of the rings were set 
according to the average sizes obtained from BF-TEM investigations 
(28 and 3  nm, respectively). The model computed the electric field 
of the nanoring. The unit cell was set to be 300  nm wide in x, y and 
z-directions, with perfect matching layers (200 nm thick) at the borders. 
An unpolarized plane wave impinged on the structure. In all the cases, 
the embedding medium was water (H2O, n = 1.33).

UV–Visible Spectroscopy: UV–vis analysis of the formation of  
PRX-AgNRs in solution was analyzed recording the absorption scan 
(230–800  nm range) of the sample at each step of the synthesis. 
The synthesis was carried out in a quartz cuvette (Hellma) and the 
measurements were carried out with a Cary300 (Agilent).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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