J Nanopart Res (2025) 27:17
https://doi.org/10.1007/s11051-024-06211-z

RESEARCH

®

Check for
updates

A universal label for the detection of PCR amplicons based

on gold nanorods

Claudia Borri - Fulvio Ratto -
Lara Mitia Castronovo - Patrizia Bogani -
Simona Scarano - Maria Minunni - Sonia Centi

Received: 26 September 2024 / Accepted: 30 December 2024 / Published online: 10 January 2025
© The Author(s), under exclusive licence to Springer Nature B.V. 2025

Abstract Owing to their optical versatility, gold
nanorods represent an outstanding platform of plas-
monic labels for a wide variety of photonic biosen-
sors. Here, we address the feasibility of a universal
system to label PCR amplicons with gold nanorods,
based on their coupling to a nucleotidic tag of arbi-
trary choice and the use of primers modified with the
complementary anti-tag sequence. This general con-
cept is suitable for different formats of genosensors.
For instance, when both the forward and the reverse
primers are modified with the same anti-tag sequence,
their daughter amplicons behave as homobifunc-
tional cross-linkers for the polymerization of the gold
nanorods and so trigger a specific discoloration of
their suspension. This homogeneous approach seems
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to be robust against a change of DNA target, but to
require a careful choice of the hybridization buffer,
and to exhibit a limited dynamic range in the order
of 10 dB. Instead, when the amplicons are purified
and immobilized on a solid substrate such as a paper
strip, a single primer bearing the anti-tag sequence
is enough to capture the gold nanorods and generate
a visible stain that correlates with their concentra-
tion. This heterogeneous platform ensures a dynamic
range exceeding 30 dB where it is suitable for quan-
titative readout, but it suffers from spurious interac-
tions that may originate from the onset of denatura-
tion of the spotted amplicons. Altogether, we found
that the tested principles work as intended by design,
but there may be practical limitations to their generic
use in terms of the choice of both the analytical pro-
tocol and the nucleotidic tags, particularly in view of
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leveraging the optical versatility of gold nanorods in a
multiplexable format.

Keywords Gold nanorods - Plasmonic labels -
DNA amplicon detection - Particle aggregation test -
Dot-blot assay - Photonic biosensors

Introduction

The so-called rapid antigen tests of various finger-
prints of SARS-CoV-2 and COVID-19 [1-3] have
brought gold nanoparticles into the spotlight as highly
effective chromatographic labels. Owing to their
bright color and antibody load, immuno-conjugated
gold nanospheres ensure high sensitivity and speci-
ficity for their antigen target, while also being robust
and inexpensive for large-scale deployment. How-
ever, at variance from other common labels such as
polystyrene microspheres [4] or liposomes [5] stained
with organic dyes, the resonance of gold nanospheres
is bound to a small window, thus precluding future
multicolor applications. As the size of the particles
changes from a few to tens of nanometers, their color
drifts a little from red to violet [6]. On the other hand,
the last decades of lively research on the synthesis of
morphological alternatives to gold nanospheres have
laid a substantial groundwork to overcome this limi-
tation [7-9]. Noble metal particles of many shapes
such as rods, shells, cages, plates, and stars have been
engineered to display all sorts of colors and enable
cutting-edge applications based on multidimensional-
ity and multiplexing.

In particular, so-called gold nanorods may rep-
resent an outstanding platform of multicolor labels
for a broad variety of chromatographic sensors [10,
11]. Their asymmetry gives rise to an intense mode
of longitudinal plasmonic oscillations that ranges
between approximately 600 and 2000 nm, accord-
ing to accessible variables such as their aspect ratio
[12] or coating [13, 14]. There are a large number
of well-established protocols for the synthesis of
gold nanorods [15-17], and their bioconjugation to a
plethora of units like small molecules [18, 19], anti-
bodies [20, 21], and genetic probes [22, 23] for use in
biosensors. The case of antibodies has reached such
a level of readiness that current research focuses on
fine parameters like the orientation of their Fab and
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Fc fragments [24, 25] or the storability of the final
batches [26].

The case of genetic probes has seen less progress.
The approach of choice remains the method devel-
oped in the lab of Prof Chad Mirkin for gold nano-
spheres [27], which exploits the well-known thiol-Au
chemistry within a procedure of salt aging that plays
on a delicate balance of electrokinetic factors to com-
bine colloidal stability and loading efficiency. How-
ever, at variance from gold nanospheres, by featuring
quaternary ammonium compounds as a surfactant,
the synthesis of nanorods yields a cationic rather
than an anionic zeta potential, and it needs reversing
before starting the addition of DNA. This step was
the subject of specific investigation in the lab of Prof.
Alexander Wei [28], who proposed a stepwise proce-
dure for gradually replacing the cationic surfactant
first with an anionic polymer and then with citrate,
which is the main stabilizer of gold nanospheres.
This procedure alone consumes at least 2 working
days, and the same goes for salt aging according to
Mirkin et al. [29], so that the full modification of
each batch of gold nanorods with DNA becomes a
week-long task. With such complexity and timing,
the agile use of gold nanorods for bio applications,
such as addressing contingent pools of genetic mark-
ers, becomes an unlikely scenario. Here, we describe
a universal approach to make the same batch of gold
nanorods responsive to any particular gene of interest,
yet without compromising the eventual perspective to
couple different particles to different targets.

This contribution aims to assess the working
principles of a possible implementation of a univer-
sal label for plasmonic genosensing based on gold
nanorods. In the recent past, we worked toward a
similar solution for the immuno-conjugation of gold
nanorods, and we proposed their modification with
protein G in order to obtain a particulate that was
suitable for storing at—20 °C and ready for thaw-
ing and binding to any antibody in few minutes [25].
Here, we cover the case of a nucleotidic target, and
in particular, a double-stranded amplicon resulting
from an ordinary run of end-point PCR. Compared
to our previous work on immunoglobulins, instead of
a generic DNA-binding ligand like Hoechst 33,342
or 33,258 and DAPI, we propose a scheme that may
be multiplexed in future multicolor uses by utilizing
complementary oligonucleotides: one immobilized as
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a tag on the particles, and the other added as a modi-
fier to the PCR primers.

As a main limitation, our current work relates
to the detection of amplicons rather than a generic
family of oligonucleotides. The detection of unam-
plified genes has become a hallmark of highest-end
approaches to genosensing such as surface plasmon
resonance (SPR) [30, 31] or even electrochemi-
cal methods [32]. However, for point-of-care appli-
cations, the integration of an amplification step is
becoming an increasingly cost-effective solution,
thanks to the rapid advancement of end-point PCR
and its variants towards lower costs [33] and higher
speeds [34]. Working with amplicons not only dra-
matically mitigates the requirements on the analyti-
cal platform in terms of sensitivity and specificity,
but also operability in complex and real matrices. On
the other hand, however, amplicon detection can be
achieved through established technologies such as gel
electrophoresis or real-time PCR, often in combina-
tion with probes such as ethidium bromide, SYBR
Green, or specific markers designed for multiplex-
ing such as TagMan probes, which overall require a
substantial degree of hardware and consumable com-
plexity, cost, and management overhead. Our goal is
to develop a system that works with the naked eye in
combination with end-point PCR, without sacrificing
its sustainability with the need for additional instru-
mentation and vulnerable or hazardous materials.

Our approach is similar, for instance, to the recent
work by Joda et al. [35] or by Madhagi et al. [36],
who developed standard sandwich assays with dif-
ferent reporters in electrochemical genosensors for
the detection of amplicons originating from modified
forward and reverse primers. Figure 1 illustrates the
working principles of our system.

In practice, here, we couple a specific population
of gold nanorods to a nucleotidic tag such as a poly-
T strand, and we modify the 5’ end of the desired
primers with a stopper and the respective anti-tag
sequence such as a poly-A moiety, in this example.
This general scheme is suitable for multiple concepts
of homo or heterogeneous assays made in a buffer or
on a substrate and based for instance on the modifica-
tion of the forward, reverse, or both primers. Here we
focus on the functionality of a simple model of tag-
anti-tag pair, we demonstrate practical examples of its
use, and we discuss relevant perspectives and limita-
tions. As an illustration, we show the implementation

— (5 3
7

Fig. 1 Schemes of the setups for homogeneous (A) or hetero-
geneous (B) detection of amplicons obtained from a PCR reac-
tion with the components shown in C, i.e., gold nanorods mod-
ified with poly-T (red) and forward (cyan) and reverse (yellow)
primers both ending with a stopper and poly-A (green). In the
homogeneous format, in theory, the working principle for dis-
criminating between the amplicons and the unreacted primers
rests on the hybridization between the filaments extended upon
amplification. Instead, by design, notice that it requires a step
of purification of double-stranded DNA in the heterogeneous
setup

of the same universal label in complementary cases
of genes of clinical (mecA) and agricultural (rolC)
relevance.

The mecA gene encodes the penicillin-binding
protein 2a (PBP2a), which shows a low affinity for
B-lactam antibiotics, thus leading to resistance to the
majority of this kind of antimicrobial agents, such as
methicillin [37, 38]. In particular, mecA or PBP2a are
considered fundamental targets for the detection of
methicillin-resistant Staphylococcus aureus (MRSA)
[39], which is a pathogenic bacterium responsi-
ble for many common surgical, cardiovascular, and
lower respiratory tract infections. The rolC oncogene
belongs to the family of rol genes of Agrobacterium
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rhizogenes, which is a Gram-negative soil bacterium.
It modulates cellular metabolism and differentiation
and causes neoplastic growth in plants [40, 41]. Its
expression also seems to correlate with the evolution
and establishment of new botanical species [42, 43].
In both cases, the use of PCR is a typical step in the
pipeline for the analysis of mecA and rolC genes in
various applications.

Materials and methods
Materials

All chemicals for the synthesis of gold nanorods,
cetyltrimethylammonium bromide (CTAB), tri-
sodium citrate dihydrate (Na%*j-citrate), Tween
20, tris(2-carboxyethyl)phosphine  hydrochloride
(TCEP), sodium chloride (NaCl), low EEO agarose,
tris—borate EDTA (TBE) buffer, DirectLoad™ 50 bp
DNA step ladder, 6 xDNA loading buffer, Gel-
Green® Nucleic Acid Stain, sodium dodecyl sulfate
(SDS), phosphate-buffered saline (PBS), and all rea-
gents needed for PCR amplification were purchased

from Merck (Merck KGaA, Germany). All unmodi-
fied and Ajg-labelled PCR primers were obtained
from Eurofins Genomics (Eurofins Scientific, Ger-
many) and the T4 tag sequence from metabion (met-
abion international AG, Germany).

Synthesis and functionalization of gold nanorods

Cetrimonium-coated gold nanorods were prepared
following the protocols described by Ye et al. [16].
Cetrimonium was then gradually replaced with cit-
rate according to the procedure reported in our recent
work [23].

Citrate-coated gold nanorods were bio-conjugated
with a synthetic T, oligonucleotide modified with a
thiol group at its 3’-end (see Table 1), after treatment
with 10 mM TCEP for 1 h at room temperature. The
particles (0.8 mM Au) were incubated with the poly-T
filament (about 4 uM) at 4 °C in 0.5 mM Na*;-citrate
and 0.005% Tween 20, with a slow addition of NaCl
for 2 days until a concentration of 1 M. The suspen-
sions were finally washed four times to remove any
unbound oligonucleotide and reconstituted in a

Table 1 DNA sequences used as molecular probes and targets for the homo and heterogeneous systems and as PCR primers for

mecA and rolC gene amplification

Name Sequence 5'>3'

Use

Poly-T tag
161-bp mecA sequence

308-bp rolC sequence

mecA fw primer
mecA rev primer
mecA anti-tag fw
mecA anti-tag rev
rolC fw primer
rolC rev primer
rolC anti-tag fw
rolC anti-tag rev

TTT TTT TTT TTT TTT TTT (CH,)¢—SH

CCT CTG CTC AAC AAG TTC CAG ATT ACA ACT TCA CCA GGT TCA ACT
CAA AAA ATA TTA ACA GCA ATG ATT GGG TTA AAT AAC AAA ACA
TTA GAC GAT AAA ACA AGT TAT AAA ATC GAT GGT AAA GGT TGG
CAA AAA GAT AAA TCT TGG GGT GGT TAC AAC GT

ATG GCT GAA GAC GAC CTG TGT TCT CTC TTT TTC AAG CTC AAA GTG
GAG GAT GTG ACA AGC AGC GAT GAG CTA GCT AGA CAC ATG AAG
AAC GCC TCA AAT GAG CGT AAA CCC TTG ATC GAG CCG GGT GAG
AAT CAA TCG ATG GAT ATT GAC GAA GAA GGA GGG TCG GTG GGC
CAC GGG CTG CTG TAC CTC TAC GTC GAC TGC CCG ACG ATG ATG
CTC TGC TTC TAT GGA GGG TCC TTG CCT TAC AAT TGG ATG CAA
GGC GCA CTC CTC ACC AAC CTT CCC CCG TAC CAG CAT GAT GTG
ACT CTC GAT GA

CCT CTG CTC AAC AAG TTC CAG

ACG TTG TAA CCA CCC CAA GA

AAA AAA AAA AAA AAA AAA (CH,),3 CCT CTG CTC AAC AAG TTC CAG

AAA AAA AAA AAA AAA AAA (CH,),3 ACG TTG TAA CCA CCC CAA GA

ATG GCT GAA GAC GAC CTG TGT

TCA TCG AGA GTC ACA TCA TGC

AAA AAA AAA AAA AAA AAA (CH,),3 ATG GCT GAA GAC GAC CTG TGT

AAA AAA AAA AAA AAA AAA (CH,),3 TCA TCG AGA GTC ACA TCA TGC

GNRs-probe, target
Target

Target

PCR primer
PCR primer
PCR primer, target
PCR primer
PCR primer
PCR primer
PCR primer, target
PCR primer
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ready-to-use hybridization buffer (DIG Easy Hyb™,
Roche Diagnostics, Germany).

Preparation, amplification, and characterization of
DNA targets

The cloning vectors used as templates for PCR ampli-
fication of the mecA and rolC genes were pUCS57
(2710 bp, GenScript, USA) and pUC19 (2686 bp,
New England BioLabs®, USA), respectively. In
particular, the sequence deposited in GenBank with
accession number KC243783.1, corresponding to the
mecA gene coding for the PBP2a protein of Staphy-
lococcus aureus, was used to design primers ampli-
fying a discrete region of 161 bp (see Table 1). The
amplified fragment was then cloned into the EcoRV
site of the polylinker region of the pUC57 vector.
A 1860-bp Agrobacterium rhizogenes (strain 1855)
HindIII-EcoRI restriction fragment that encompassed
both the promoter and the coding region of the rolC
gene (ORF12, 308 bp) was cloned into the pUC19
polylinker restriction sites and ligated with T4 DNA
ligase (New England BioLabs®, USA). The recom-
binant vectors were then transformed in E. coli One
Shot Mach 1™-T1 (Thermo Fisher Scientific, USA)
highly competent cells. Plasmids were extracted
from the recombinant clones, checked by digestion
with EcoRV and HindIII-EcoRI restriction enzymes,
respectively, and then used as templates in PCR
reactions.

In particular, templates (about 1 ng) were ampli-
fied by end-point PCR (T100™ Thermal Cycler, Bio-
Rad Laboratories, USA) with the specific unmodified
and A g-tagged primers (200 nM, see Table 1) at an
annealing temperature of 55 °C, in the presence of
0.8 mM dNTPs and 0.05 U/ul JumpStart™ Taq DNA
Polymerase (Sigma-Aldrich®, Merck KGaA, Ger-
many), for 45 cycles in several replicates.

The purification of the PCR products was per-
formed by using MicroSpin columns (illustra™
GFX PCR DNA and gel band purification kit, GE
Healthcare, UK), by eluting the samples with 10 mM
Tris—HCI buffer (pH 8.0). Their concentration was
finally quantified by a Qubit fluorometer (Invitrogen,
Thermo Fisher Scientific, USA).

In order to verify the effective modification of
the amplicons with the poly-A tails at the end of one
or both strands, each sample was subjected to aga-
rose gel electrophoresis (1.6% in 0.5XTBE buffer)

at 100 V for 90 min. The various DNA bands were
detected with GelGreen® nucleic acid dye under a
blue LED light transilluminator (MaestroGen Ultra-
Slim LED Transilluminator, MaestroGen Inc., Tai-
wan), and their molecular weights were compared
with each other against a 50 bp DNA marker (Direct-
Load™ 50 bp DNA step ladder, Sigma-Aldrich®,
Merck KGaA, Germany).

Homogeneous genosensor setup

A homogeneous genosensor assay was set up to
observe the aggregation of the bioconjugated parti-
cles in solution in the presence of different nucleo-
tidic filaments.

Experiments were carried out in a thermal cycler
by incubating the Ts-tagged gold nanorods (1 or
2 mM Au) in DIG Easy Hyb™ buffer with decreasing
concentrations (from 5 ppm to 0) of target amplicons
modified with an A ,-tail at the 5"-end of one or both
strands. The hybridization protocol consisted of a pre-
liminary step at 53 °C for 5 min, which was useful to
avoid potential dimers or any undesired folding of the
oligonucleotides, followed by a gradual quenching
(1 °C/min) until 23 °C to induce the correct base pair-
ing. All samples were maintained at 23 °C for at least
1 h, and their changes in color and colloidal stability
were recorded in the following hours.

In order to delve deeper into the dynamics involved
in the color change, samples were also observed by
spectrophotometry (BioSpectrometer basic from
Eppendorf, Germany) and analyzed by dynamic light
scattering (DLS, Zetasizer Nano ZS90 from Mal-
vern, UK). These experiments were performed at
least 48 h after the end of the heat treatment, in an
attempt to compare the series of all samples under
stationary conditions. Each experiment was repeated
at least three times, and DLS scans were performed
in triplicate.

Heterogeneous genosensor setup

A dot-blot assay was chosen to detect the hybridiza-
tion between the bioconjugated gold nanorods and
bare primers or purified amplicons immobilized on a
solid substrate, as a representative model of heteroge-
neous system.

One microliter of each of several DNA sam-
ples were spotted onto nylon membranes and fixed
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for 3 min under a UV-crosslinker (UVP HL-2000
HybriLinker™, Analytik Jena GmbH, Germany). The
PCR products of the mecA and rolC genes were not
thermally denatured before deposition. Decreasing
concentrations (from 10 uM to 0) of the T3 sequence
and the A g-modified forward primers were used as
negative and positive controls, respectively. After a
pre-hybridization step, membranes were incubated at
25 °C with a fixed volume (3.5 ml/100 cm?) of sus-
pensions of T s-tagged gold nanorods at the nomi-
nal concentration of 600 uM Au in DIG Easy Hyb™
buffer under gentle stirring in a hybridization oven for
24 h. Two low stringency washes in 2 X saline-sodium
citrate (SSC) solution with 0.1% sodium dodecyl sul-
fate (SDS) were finally performed for 5 min each at
room temperature.

Also in this approach, each experiment was
repeated at least three times.

Results
Modified particle and primer couples

As a model of tag-anti-tag pair, we chose a poly-
T-poly-A couple. Specifically, the gold nanorods
were modified with a poly-T tag strand, and the
primers with its complementary poly-A anti-tag fila-
ment, which was interposed with an alkane cross-
linker designed to stop the extension reaction at that
position.

The upper panels of Fig. 2 display the electropho-
retic runs of amplicons derived from mecA and rolC
and obtained in a PCR reaction with standard primers
as well as tagged forward and standard reverse prim-
ers or both tagged primers. The sharp bands demon-
strate that the modified primers convey amplicons
carrying 18 or 36 extra nucleotides as expected, i.e.,
genes with single-stranded poly-A moieties at one
or both ends, respectively. Moreover, a comparison
of band intensities suggests that primer modification
does not compromise amplification efficiency. Simi-
larly, the quantity of double-stranded material recov-
ered after purification fluctuated between assays, but
irrespective of the presence of poly-A.

The middle panel of Fig. 2 is a picture of suspen-
sions of gold nanorods before and after immobiliza-
tion with thiolated poly-T. The tagged gold nanorods
displayed a consistent and bright red color after
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modification and resuspension in a buffer contain-
ing as much as 1 M NaCl, which demonstrates their
successful bioconjugation, by comparison with their
citrate-capped precursors that undergo rapid and mas-
sive flocculation in the same saline buffer, as well as
in common hybridization buffers such as DIG Easy
Hyb™ [23]. As shown in Fig. 2C, the spectra of opti-
cal extinction confirm a certain sharpening of the
plasmonic bands in the poly-T-modified sample com-
pared to the original suspension. The transversal band
is centered around 520 nm, while the longitudinal one
peaks at 780 nm, in this case. Additionally, Fig. 2D
depicts the morphology of the poly-T-modified gold
nanorods used in this work, revealing an aspect ratio
of approximately 4.

Homogeneous system

We first tested our platform in a homogeneous setup
where the amplicons behave as a homobifunctional
cross-linker for the specific polymerization of the
gold nanorods, and thus, their presence alters the
color of the colloidal system. In particular, we imple-
mented a PCR reaction with both primers labeled
with the poly-A tail, so that both ends of the result-
ing amplicons terminate with a ligand of the gold
nanorods bearing the poly-T sequence and may trig-
ger their aggregation below the melting temperature
of the tag-anti-tag duplex (see Fig. 1A).

Figure 3 shows pictures of vials containing sus-
pensions of tagged gold nanorods incubated with
different concentrations of purified amplicons bear-
ing the anti-tag moiety at one or both ends. In the
cases of no (Fig. S2) or only one primer modified
with the poly-A sequence, no visible interaction
occurred as expected, because the resulting ampli-
cons were inapt to cross-link the particles, thus sug-
gesting that interactions between particles modified
with a nonspecific oligonucleotide and a generic
DNA strand are negligible. However, when both
primers carried the poly-A tail, a clear change in the
color of the colloidal suspension occurred, and it
weakly depended on the concentration of the dosed
amplicons. From lower to higher concentrations,
the test tubes varied from red to purple, grey, and
transparent, which is consistent with the onset of a
process of polymerization, plasmonic coupling, and
flocculative sedimentation of the gold nanorods.
The lower panels of Fig. 3 illustrate these trends in
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Fig. 2 A Amplicons of mecA (left) and rolC (right) obtained
after 45 cycles of end-point PCR, with standard primers (1), or
one (2) or both primers (3) modified with an anti-tag sequence
made of a (CH,);3 (C;g) spacer and an A4 ligand (anti-tag-
fw mecA: 5'-A4-[C 3g]-CCTCTGCTCAACAAGTTCCAG-3";
anti-tag-rev mecA: 5'-A4-[C3]-ACGTTGTAACCACCCCAA
GA-3"; anti-tag-fw rolC: 5'-A5-[C3]-ATGGCTGAAGAC
GACCTGTGT-3"; anti-tag-rev rolC: 5'-A4-[C3]-TCATCG
AGAGTCACATCATGC-3"). The hydrogel contained 1.6%
agarose in 0.5XTris-Borate EDTA buffer. The electropho-
retic run was done at 100 V for 90 min. The original images
of the whole gels are reported in Supplementary Informa-

terms of color saturation. For each condition, the
color saturation was assessed by sampling three
different ROIs of 3 X3 pixels within each vial and
represented as mean and standard deviation. The
thresholds seen with the naked eye were around

tion. B Picture of aqueous suspensions of as-synthesized gold
nanorods (1), gold nanorods modified with a T, tag and kept
in a citrate buffer containing 1 M NaCl (2), and gold nanorods
capped with citrate and incubated in the same buffer without
oligonucleotides (3). All suspensions nominally contained
800 M Au. C Spectra of optical extinction (BioSpectrometer
basic from Eppendorf, Germany) of the same samples 1 (Citr)
and 2 (poly-T) in B. D A 380 nm X380 nm transmission elec-
tron micrograph (TEM Talos F200X STEM from Thermo Sci-
entific, MA, USA) of gold nanorods modified with a T4 tag,
transferred to ultrapure water, dried on a holey carbon TEM
grid, and imaged at 200 kV (scale bar is 50 nm)

5 nM in the case of 161-bp mecA treated with
2 mM Au, and 2.5 nM for 308-bp rolC with 1 mM
Au. The color change takes a few tens of minutes
to develop and stabilize at the optimal hybridization
temperature of 23 °C and then remains consistent

@ Springer
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Fig. 3 A Suspensions of
tagged gold nanorods at the
nominal content of 2 mM
Au incubated with different
concentrations of purified
amplicons of mecA with
one (upper row) or both
(lower row) ends modified
with poly-A (DNA content
was 50 (sample 1), 20 (2),
10 (3), 5 (4), or 2 (5) nM).
B Same as A for a nominal
content of 1 mM Au and
amplicons of rolC (in this
case, DNA content was 50
(1),25(2),10(3),5(4),2.5
(5), 1 (6), or 0.5 (7) nM)).
All samples were incubated
for 2 h at 23 °C in DIG
Easy Hyb™ hybridiza-

tion buffer after a gradual
decrease of temperature
from 53 °C in a thermocy-
cler. C relates to an analysis
of the lower rows of the
above photographs in terms
of color saturation plotted
as a function of molar con-
centration of the different
targets. Continuous lines
are guides to the eye. Error
bars refer to intra-assay
variability
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Fig. 4 A and B Spectra A
of optical extinction from
suspensions of tagged gold
nanorods at nominal Au
contents of 2 mM (A) and

1 mM (B) incubated with
different concentrations of
purified mecA (A) and rolC
(B) amplicons. One end
(black lines) or both ends
(red and blue lines) of the
amplicons were modified
with poly-A. DNA con-
centrations were 2, 5, 10,
20, and 50 nM for mecA
and 0.5, 1, 2.5, 5, 10, 25,
and 50 nM for r0lC (bot-
tom to top). Spectra were
offset for clarity. C and D
Hydrodynamic diameter

of particles and aggregates I |

Abs (a.u.)

P>

Abs (a.u.)

{

at nominal Au contents of
2 mM (panel C) and 1 mM
(panel D) treated with puri-
fied mecA (panel C) and
rolC (panel D) amplicons,

400 500 600 700 800
Wavelength (nm)

400 500 600 700 800
Wavelength (nm)

both ends modified with |
poly-A. Diameter is plot-
ted as a function of target §
concentration. Continuous
lines are guides to the eye.
All samples were incubated
for over 48 h in DIG Easy
Hyb™ hybridization buffer
before analysis. Error bars
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in C and D represent the
standard deviation of three
consecutive scans C

for at least several hours or even days (see Supple-
mentary information for details).

The upper panels of Fig. 4 confirm that particles
incubated with amplicons containing a single poly-
A sequence retain their characteristic transversal
and longitudinal bands of plasmonic oscillations at
approximately 520 and 780 nm, regardless of target
concentration. In contrast, the use of both tagged
primers red-shifts and then suppresses the visible fea-
ture of 2 or 1 mM Au above 5 nM mecA or 2.5 nM
rolC, respectively. Notably, the NIR feature displays
even greater sensitivity to low target concentrations
than the visible one, further emphasizing the unique
advantages of gold nanorods. The lower panels of
Fig. 4 reveal that the loss of plasmonic features coin-
cides with a sharp increase in hydrodynamic size,

0 10 20 30 40 50
Concentration (nM)

0 10 20 30 40 50

D Concentration (nM)

which partially recovers at higher target concentra-
tions, especially for 1 mM Au treated with rolC.

Heterogeneous system

Another approach of special relevance in the context
of biosensing with plasmonic particles is a heteroge-
neous setup where the genetic target mediates their
interaction with a solid substrate, whether it be a
paper-based strip for a dot-blot or a lateral-flow assay
[44], or a chip for SPR [30, 31], surface enhanced
Raman scattering [45], plasmon enhanced fluores-
cence [46], etc. This general scheme is also multipli-
able in many variants of direct or competitive assays.
Here we tested the simplest case of a direct dot-blot
model made by spotting the amplicons obtained from
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one primer only modified with the anti-tag sequence,
and then staining with the tagged gold nanorods (see
Fig. 1B).

Figure 5 displays representative pictures of test
strips spotted with different concentrations of poly-T
(T3-(CH,)¢-SH), poly-A (A 3-(CH,)s-fw primer),
and amplicons ending with poly-A or without modi-
fication and incubated with buffers containing gold

Fig. 5 Pictures of test =T
strips spotted with different FA
concentrations of poly-T (1)
or poly-A (2) (10, 1, 0.1,
0.01, 0.001, and O pM from
left to right) or decreasing
concentrations of amplicons
with one (3) or no (4) end
modified with poly-A. A
relates to mecA (100, 50, s
20, 10, 5, 2, and 0 nM) and !

B to r0lC (50, 25, 10, 5,
2.5, 1 and 0 nM). In both
cases, the test strips were
incubated with tagged gold
nanorods suspended in DIG
Easy Hyb™ hybridization
buffer at a nominal content
of 600 uM Au for 24 h

at 25 °C and treated with
only two low-stringency
post-hybridization washes
with 2xSSC and 0.1% SDS
for 5 min. C relates to an
analysis of the above photo-

nanorods labeled with poly-T. All photographs were
taken under nominally identical conditions, by using
a regular smartphone and a light board in an other-
wise dark room. A quantifiable signal was worked
out from these pictures as the variation of image
color from spot to background, and it is displayed in
the lower panels of Fig. 5 as a function of the molar
concentration of the different targets, together with

graphs in terms of a signal 3
defined as relative distance
in RGB space from spot to
background and plotted as a
function of molar con- 4
centration of the different
Fargets. Error b.ars. r.efer to C T T I T | I | T
intra-assay variability e A )
+E ‘e - 4
- Q ol é x
N = J -1 ~ y .
£75N y
S | Sel & -
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S F 8t 4 3 P
S CYE JAQ ] & :
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relevant regression lines. For each condition, the
color variation was assessed by sampling 20 differ-
ent ROIs of 3x3 pixels inside and outside the spot,
to estimate the intra-assay variability. The interaction
between the bioconjugated gold nanorods and their
same poly-T strand was negligible, whereas that with
their complementary poly-A sequence was consistent
from strip to strip, and depended on its concentration.
In particular, visible signals were detectable by the
naked eye until a concentration around 1 nM poly-A
even without any protocol of enhancement with sil-
ver or gold [47, 48]. The intensity of the stain consist-
ently increased with concentration until at least 1 uM
poly-A.

Dosing increasing amounts of amplicons bearing
a poly-A chain also produced spots of growing vis-
ibility. The detection limits for mecA (2 nM) and rolC
(2.5 nM) were comparable with those found with the
homogeneous system. Instead, the case of amplicons
without the anti-tag tail resulted in no or weak signals
apparently depending on their particular nucleotidic
composition.

Discussion

There are sporadic previous reports on genosensors
based on coupling a universal reporter and a target-
specific probe through respective complementary
modifiers [5, 49], essentially as an analogue of a sec-
ondary antibody-detection antibody pair in an indi-
rect ELISA assay. Also, the implementation of PCR
primers modified with an oligonucelotidic probe for
affinity capture is relatively uncommon with respect
to other ligands, such as small molecules like bio-
tin [50-53], digoxigenin [52, 53], or dinitrophenol
[54] for use in pairs with avidin or respective anti-
bodies. The case of a reporter of customizable color
coupled to a PCR primer through a tag of customiz-
able sequence is a prime novelty of our work, which
conveys a universal probe that is also inherently rel-
evant for future multicolor applications. Detecting
different cases of amplified fragments from plasmid
DNA is another point of topical significance. In this
study, we investigated the fundamental operating
principles of our system through a series of simple
homo- and heterogeneous assays. These experiments
aimed to verify the feasibility of naked-eye detection
of amplicons with minimal additional resources and

instrumentation compared to conventional end-point
PCR. Our goal was to identify key opportunities and
potential limitations.

Starting from the experimental design, it may
appear that some steps in our protocols unnecessarily
limit their translational relevance. In particular, before
evaluation, we extracted the amplicons in Tris—HCI
buffer, at the cost of bottlenecking the entire work-
flow and preventing the analysis of the PCR mix as
is, e.g., for the perspective of real-time use during
reaction. In our basic model of heterogeneous assay,
this preliminary step is the effective means to speci-
ficity, but we found that the purification of the ampli-
cons and their redispersion in an appropriate buffer
is important even in the homogeneous case. Various
factors may concur with this need. A clear issue is the
excess monofunctional primers left free to compete
with the homobifunctional amplicons in the interac-
tion with the tagged particles. We tested ways to opti-
mize the consumption of primers but made no sub-
stantial progress (data not shown). In order to solve a
similar issue, Zou et al. implemented folded anti-tags
that became accessible only after the formation of the
amplicons [55]. Although the same approach may
also be adopted in our case, there remain concomitant
factors that require the extraction of amplicons from
the reaction mixture, such as optimizing the hybridi-
zation buffer. In particular, we will next demonstrate
that the standard PCR mix performs poorly as a
buffer for the polymerization of the gold nanorods.
Other barriers to real-time use of the system include
general concerns on the colloidal and morphological
stability of the gold nanorods [23], and their potential
to interfere with the biochemical process according to
their shape and coating [56, 57]. For these reasons,
we believe that introducing the tagged gold nanorods
downstream of a standard step of purification and
transferring them to a dedicated buffer may remain
the best approach to a generic genosensor.

Apart from this limitation in scope, we obtained
excellent results on the colloidal stability of the oligo-
nucleotide-tagged gold nanorods [58] and a satisfac-
tory response from the overall functioning of the ana-
lytical platform, with the homo- and heterogeneous
formats revealing their own opportunities and pitfalls.

We found that the analytical sensitivity of the
homogeneous scheme is about the same as the het-
erogeneous one, and it falls in the order of the den-
sity of gold nanorods, which is between 1 to 10 nM
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for a concentration of Au of 1 or 2 mM. A simi-
lar conclusion was drawn in the case of gold nano-
spheres in a comparable platform [59] and agrees
with an intuitive picture of the process of polym-
erization (see Fig. 1A). In the case of gold nano-
spheres and a similar hybridization scheme, Reyn-
olds et al. observed that the use of fewer and larger
particles may help enhance the sensitivity of the
system without compromising too much on optical
density [60]. At the highest concentrations of the
amplicons, we observed a slight delay in the pro-
cess of polymerization probably due to an effect of
steric hindrance and saturation of the tagged parti-
cles, also in agreement with previous reports [61].
Particularly in the case of rolC, this effect appears
as a decrease in hydrodynamic size at higher target
concentrations. In practice, the working range of
the genosensor may be between about one and ten
times the density of the gold nanorods, or around
10 dB. In terms of lag time, it takes almost an hour
for a visible response to develop at room tempera-
ture, which is another barrier against the feasibil-
ity of this system for real-time PCR monitoring.
Thereafter, it remains fairly stable for at least a few
hours or even days, thus leaving room for perspec-
tives of quantitative exploitation. In this regard, we
observed that spectrophotometric monitoring of the
transversal band of the gold nanorods may serve
as an especially sensitive and promising marker.
When we tested different genes like mecA and rolC,
we found a substantial consistency. The choice of
assay buffer is critical. To assess the direct feasibil-
ity of the assay within the standard PCR mix, we
evaluated a range of commercially available buffers
optimized for DNA amplification, specifically solu-
tions from Sigma-Aldrich and BioChain (Fig. S4).
Additionally, we tested various common DNA
hybridization buffers. Among the tested systems,
only DIG Easy Hyb™ buffer, a proprietary formula-
tion, yielded satisfactory and consistent results. It is
well established that factors that may foster the pro-
cess of particle polymerization include buffer ionic
strength [62, 63] and the presence of additives like
SDS, which may mitigate the electrostatic repulsion
between the anionic tagged particles and reduce
the incidence of non-specific binding [64]. While
the exact composition of DIG Easy Hyb™ buffer
remains undisclosed, our experimental characteri-
zation suggests the presence of surfactants and an

@ Springer

ionic strength comparable to other common hybridi-
zation buffers (see Supplementary Information for
details).

With respect to the homogeneous case, the hetero-
geneous setup promises an easier and wider range of
quantitative readout [65, 66], as it depends less on the
stoichiometric ratio between particles and amplicons.
Indeed, according to Fig. 5, its dynamic range of sig-
nal variation proved to exceed a factor of a thousand
or 30 dB, with a model target of poly-A. However, the
linearity of its response results from a greater com-
plexity of factors, which may require a more careful
design than a plain direct assay. In the cases of both
100 nM mecA and 50 nM rolC, we found that the
signal from the tagged amplicons falls somewhere
between that from 10 and 100 nM anti-tag sequence
alone. However, the degree of correlation between
blot intensity and concentration varies from target
to target. In the representative cases shown in Fig. 5,
we estimated a color distance from the background
in RGB space, which changed from about 21 to 3.1%
when the concentration of tagged mecA decreased
from 100 to 2 nM, and from about 24 to 0.5% when
that of tagged rolC went from 50 to 1 nM. The cor-
responding slopes and Pearson r coefficients were
(0.160+0.015)%nM~" and 0.95+0.15 for mecA
and (0.52+0.03)%nM~! and 0.996+0.042 for rolC.
While specific fit parameters varied between assays,
rolC consistently demonstrated superior sensitiv-
ity and linearity compared to mecA across identical
concentration ranges and tag systems. The underly-
ing reasons for this discrepancy remain elusive and
may involve a complex interplay of steric or electro-
kinetic factors. When employing untagged primers,
we observed significant differences in non-specific
interactions. In contrast to mecA, rolC exhibited a
propensity for non-specific binding at elevated con-
centrations. In the case illustrated in Fig. 5, at a rolC
concentration of 50 nM, non-specific color change
reached approximately 4.6%, equivalent to the spe-
cific signal generated by 10% or more of the tagged
amplicon. This effect may arise from cross-reactivity
between the poly-T chain and unintended denatured
rolC fragments, which contain multiple adenine-rich
regions, such as the 11-adenine sequence spanning
positions 278 to 295 on the anti-sense strand. Inten-
tional denaturation, as depicted in Fig. S6, further
exacerbated non-specific binding relative to specific
binding. To mitigate these undesirable signals in
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cases like rolC, we anticipate that optimizing post-
hybridization wash conditions with increased strin-
gency will be necessary, albeit at the cost of added
complexity.

These observations suggest that there may be limi-
tations to quantitative exploitation of a paper-based
approach and that the choice of the tag sequence may
require a careful assessment of its cross-reactivity
with the genetic target, especially in view of multi-
plexing in a future multicolor implementation.

In conclusion, we have successfully validated the
feasibility of using gold nanorods functionalized with
universal and customizable nucleotide linkers within
both homogeneous and heterogeneous genosensor
platforms. Our strategy focuses on the detection of
amplicons generated by primers specifically tagged
to recognize the linker bound to the gold nanorods.
This approach allows direct identification of double-
stranded DNA while ensuring specificity through
primer rather than particle modification. This method
offers substantial advantages over previous plasmonic
particle-based genosensor systems, which commonly
depend on the detection of single-stranded DNA or
RNA filaments via specific linkers [67-71], or non-
specific DNA structures [72, 73]. Primarily, it is
essential to emphasize that, despite recognizing some
limitations, our technology holds the potential for
multiplexed sensing capabilities, thanks to the pros-
pect of combining gold nanorods of different colors
and nucleotide linkers of different compositions.

We anticipate that the heterogeneous setup pre-
sented here may recover some of the advantages of
the homogeneous approach by designing alternative
protocols. Examples may be a competitive assay with
a poly-A ligand spotted on the substrate, as shown in
Fig. 5, and the tagged particles left to interact in solu-
tion with amplicons labeled with a poly-A sequence,
or a sandwich architecture where the amplicons may
be made to carry a poly-A sequence on one end and
another ligand of a receptor immobilized on the sub-
strate on the opposite side, which may be ideal for a
lateral-flow assay format.

Conclusions
We undertook a critical assessment of a universal

platform for the optical detection of PCR products,
based on the use of gold nanorods tagged with a

nucleotidic sequence and PCR primers labeled with
the corresponding anti-tag filament. In the future,
the same concept may be multiplexed by labeling
particles of different colors with tags of different
sequences, in order to color-encode as many ampli-
cons bearing the due anti-tag strands. We tested both
a simple homogeneous setup, where the use of modi-
fied forward and reverse primers provides amplicons
that behave as homobifunctional cross-linkers for the
polymerization of the gold nanorods in solution, and
a heterogeneous setup that requires only one modified
primer and a step of purification for a direct analysis
of amplicons spotted on a substrate. Both setups work
as intended by design and provide a detection limit
in the range of low nM, which is satisfactory given
that analyte amplification is a prerequisite of the sys-
tem anyway. By comparing results from two differ-
ent genes, we found that the homogeneous approach
may be more robust to the particular choice of target,
while the heterogeneous system provides approxi-
mately 100 times wider operational range and easier
quantitative use.

In the future, we will pursue a technological
development of our platform by implementing assay
formats of translational relevance and by multiplex-
ing the detection pattern in multicolor schemes. We
will explore ways to combine the advantages of the
homo and heterogeneous approaches, for instance by
designing schemes where the amplicons interact with
the tagged particles in solution and afterwards with
a functionalized substrate for colorimetric readout.
In this context, the lateral flow assay format may be
ideal to schedule a chain of reactions in solution and
on a substrate. The first case of a multicolor system
may be a simplex lateral flow genoassay where target
and control coexist in the same line. We believe that
our work will help advance the development of inno-
vative genosensors based on popular platforms such
as paper-based test strips, in combination with PCR.
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