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A B S T R A C T   

Rapid and accurate diagnosis of SARS-CoV-2 single-nucleotide variations is an urgent need for the initial 
detection of local circulation and monitoring the alternation of dominant variant. In this proof-of-concept study, 
a homogeneous and isothermal photoacoustic biosensor is demonstrated for rapid molecular amplification and 
detection of a synthetic DNA corresponding to SARS-CoV-2 spike N501Y. Branched rolling circle amplification 
produces single-stranded amplicons that can aggregate detection probe-modified AuNPs, which induces a strong 
photoacoustic signal at 640 nm due to both the surface plasmon resonance shift and the size-dependent effect of 
laser-induced nanobubbles, achieving a sub-femtomolar detection limit within a total assay time of 80 min. The 
limit of detection can be kept when measuring 5% serum samples. Moreover, the proposed biosensor is highly 
specific for single-nucleotide polymorphism discrimination and robust against background DNA.   

1. Introduction 

Omicron (B.1.1.529), the severe acute respiratory syndrome coro
navirus 2 (SARS-CoV-2) variant of concern (VOC) designated at the end 
of 2021, exhibits multiple single-nucleotide mutations associated with 
enhanced cell entry, immune evasion, and infectivity, and has rapidly 
displaced Delta (B.1.617.2) in South Africa, Europe, and the USA as the 
most common SARS-CoV-2 variant [1–3]. Among these mutations, spike 
N501Y (i.e., A23063T) is a key mutation shared by Omicron and some 
other VOCs Alpha (B.1.1.7), Beta (B.1.351), and Gamma (P.1), which 
was reported to enhance the viral spike protein with improved affinity 
for cellular receptors but reduced affinity for neutralizing antibodies [4, 
5]. 

Nucleic acid point-of-care testing (POCT) can provide rapid and ease- 
of-use on-site bioanalysis in decentralized settings without specialized 
personnel, thus has been widely used in pathogen diagnosis [6,7]. The 
COVID-19 pandemic boosts the demand for timely and accurate di
agnostics [8,9], resulting in an estimated compound annual growth rate 
of 10.8% for the size of POCT global market from 2022 to 2027 (ma 
rketsandmarkets.com; Report Code: MD 2702). As the standard 
nucleic acid detection method that is world-widely employed, qPCR 
(quantitative polymerase chain reaction) requires a sample pretreat
ment process to reduce both the matrix effects and the background noise 

(caused by, e.g., unbound fluorophores and light scattering) [10]. 
Moreover, discrimination of nucleotide variations by qPCR (and most of 
other POCT methodologies) relies on the sequence dependency of 
thermodynamics or kinetics [11,12], which exhibits a limited 
single-nucleotide resolution and is inferior to distinguish mixtures of 
wild type and mutant at different concentrations [13,14]. Therefore, 
robust sensing platforms in combination with molecular strategies 
capable of single-nucleotide discrimination are essential for timely 
control of Omicron as well as other possible VOCs coming up in the 
future. 

The photoacoustic (PA) effect is the arising of sound waves caused by 
the optical absorption-induced thermal expansion of a material, which 
can be quantified by measuring the pressure changes through, e.g., 
microphones or piezoelectric sensors [15]. Owing to its capability of 
measuring light absorption of samples in various phases, this effect has 
been widely adopted in imaging and gas sensing [16–18]. Since the 
input and output are different kinds of energies, PA sensing can prevent 
the influences of reflected/scattered light, exhibiting a higher 
signal-to-noise ratio compared with other optical sensing strategies 
[19]. Therefore, PA sensing is promising for measuring biological sam
ple matrix with none or minimal pretreatment, thus is desirable for in 
situ POCT [20,21]. For instance, Zhang et al. introduced a 
gas-microphone mode-based portable PA system for a series of 
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enzymatic biochemical assays using chromogenic molecules as in
dicators [22–24]. 

Colloidal gold solutions can produce a remarkable strong PA signal: 
due to the localized surface plasmon resonance of gold nanoparticles 
(AuNPs), host liquid surrounding the laser-irradiated AuNP boils and 
generates a rapidly expanding vapor layer on the particle surface, thus 
producing an intense pressure change [25]. Zhao et al. demonstrated 
heterogeneous immunosensors for interleukin-8 and cryptococcal anti
gen, in which the target quantification was realized by measuring the 
presence of antibody-modified AuNPs, showing higher sensitivity 
compared with conventional colorimetric sensing [26,27]. Furthermore, 
the amplitude of nanobubble-induced PA signal strongly depends on the 
size of AuNPs [28], allowing for PA biosensing strategies based on 
analyte-induced aggregation of AuNP labels [29,30]. 

POCT of nucleic acid sequences containing single-nucleotide varia
tions requires rapid and robust molecular amplification strategies 
capable of single-nucleotide discrimination. Among various isothermal 
amplification strategies, rolling circle amplification (RCA) has attracted 
significant attention due to its simplicity and robustness [31–34]. It was 
reported that 0.2% of blood could inhibit PCR completely [35,36], 
whereas RCA could be performed in 50% of blood [37]. Moreover, by 
employing a highly specific padlock probe (PLP) ligation process to 
prepare circular templates, RCA-based molecular detection strategies 
can distinguish single-nucleotide variants localized at the end of PLP 
[38,39], thus are promising for the molecular detection of SARS-CoV-2 
VOCs. However, POCT applications of RCA are limited by its inferior 
amplification efficiency, which typically results in picomolar detection 
limits [40]. To address this issue, RCA-based strategies with improved 
efficiency have been developed, including circle-to-circle amplification 
[41,42], primer-generation RCA [43,44], nicking-enhanced RCA 
[45–47], etc. Branched RCA (BRCA) and hyperbranched RCA employed 
a secondary primer to hybridize with RCA amplicons for cascade or 
exponential amplification, producing single- or double-stranded final 
products through a branched DNA structure [48,49]. In this 
proof-of-concept study, we demonstrate a DNA biosensor based on PA 
effect, employing BRCA for the detection of a synthetic DNA sequence 
representing the Omicron N501Y variant. The final products of BRCA 
hybridized with detection probes grafted onto AuNPs, resulting in the 
aggregation of AuNPs and thus a strong PA signal induced by the optical 
absorption of a pulsed 640 nm laser. The proposed biosensor achieved 
rapid assay with a femtomolar detection limit and single-nucleotide 
resolution, which holds potential for POCT of SARS-CoV-2 VOCs. 

2. Experimental section 

2.1. Chemicals and DNA sequences 

Gold(III) chloride hydrate (~50% Au basis), sodium citrate dihy
drate (≥99%), thiol-PEG (MW 2000), salmon sperm DNA, and fetal 
bovine serum (FBS) were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). Tris(2-carboxyethyl) phosphine (TCEP) was provided by Sangon 
Biotech (Shanghai, China) Co., Ltd. Ampligase and its working buffer 
were obtained from Lucigen (Middleton, MI, USA). Bst 3.0 polymerase, 
Bst buffer, and MgSO4 were purchased from New England BioLabs 
(Ipswich, MA, USA). GL DNA Marker 5000 and dNTPs were prepared by 
Accurate Biotechnology (Hunan, China) Co., Ltd. Agarose was pur
chased from Biowest (Riverside, MO, USA). Phi29 polymerase, bovine 
serum albumin (BSA), SYBR Gold nucleic acid gel stain, Tris-HCl buffer 
(1 M, pH 8.0), and Tris-acetate-EDTA buffer (TAE, 50×) were provided 
by Thermo Fisher Scientific (Waltham, MA, USA). DNA sequences (listed 
in Table 1) including target (mutant and wild type), padlock probe 
(PLP), secondary primer (P2), and detection probe (DP) were synthe
sized by Sangon Biotech and dissolved in Tris-HCl for storage. Unless 
otherwise specified, Tris-HCl (50 mM, pH 8.0) was employed as the 
buffer solution. 

2.2. Preparation of AuNPs 

AuNPs were prepared by the citrate reduction method and func
tionalized by thiol-probes based on the freezing-directed construction 
[50]. Briefly, HAuCl4 aqueous solution was heated with stirring, fol
lowed by a quick injection of sodium citrate solution with a molecular 
ratio of 1:1.3. After 3 min, the color of the solution changed to wine red, 
and then the solution was cooled down to room temperature. 
Thiol-probes (10 μM, 10 μL) were reduced by TCEP (0.1 M) at room 
temperature for 30 min and mixed with the as-prepared AuNPs (39 nm, 
0.8 nM, 100 μL). The mixture was frozen at − 20◦C for 2 h, followed by 
room temperature thawing. Thereafter, thiol-PEG (MW 2000, 2 mg/mL) 
was added to block the uncapped surface of AuNPs (incubated at 4◦C for 
48 h). Finally, DP-AuNPs were purified by 2 times of centrifugation (10 
000 r/min, 10 min, LC-LX-H185C, Lichen Instrument Technology, 
Shaoxing, China) and resuspended to a particle concentration of 0.8 nM 
for storage at 4◦C. 

Table 1 
DNA sequences used in this study. Position of the single-nucleotide poly
morphism A23063T (corresponding to SARS-CoV-2 spike N501Y) is underlined.  

Name Sequence (5’→3′) 

Target (mutant) TGG TTT CCA ACC CAC TTA TGG TGT TGG TTA CCA 
Target (wild type) TGG TTT CCA ACC CAC TAA TGG TGT TGG TTA CCA 
Padlock probe 

(PLP) 
Phosphate-AGT GGG TTG GAA ACC ATA TGA TAG AGC TAA 
TAT GAG ATA AAG CAG TGA CAT ACG ACA CGG TTG GTA 
ACC AAC ACC ATA 

Secondary primer 
(P2) 

AAG CAG TGA CAT ACG ACA C 

Detection probe 
(DP) 

CTC ATA TTA GCT CTA TCA TAT GGT TTC CAA CCC TTT TTT 
TTT TTT TTT TTT T-C3-Thiol  

Fig. 1. PA apparatus. (a) Schematic of the electronic components for PA signal 
obtaining and processing. (b) Photograph of the water-filled PA chamber with a 
disposable cuvette, an acoustic mirror, and an ultrasonic transducer installed 
inside. The diameter of the coin used for scale is 25 mm. 
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2.3. PA apparatus 

As illustrated in Fig. 1a, the PA detection system consists of (1) an 
optical parametric oscillator (SpitLight OPO 600 mid-band, InnoLas, 
Krailling, Germany) generating a 640 nm pulsed laser (24 mJ, 20 Hz), 
(2) a PA chamber filled with deionized water, (3) a pulser/receiver 
(DPR500, Imaginant, Pittsford, NY, USA) used as an amplifier (55 dB 
gain for signals in the range of 2.5–10 MHz), and (4) a data-acquisition 
device (NI PCI-5124, 200 MS/s, 12-Bit, National Instruments Corpora
tion, Austin, TX, USA) in the computer. The acrylic PA chamber (see 
Fig. 1b) was designed with two glass windows (for the laser to pass 
through) and several 3D printed sample modules (made of ABS resin) to 
position (2.1) a Sarstedt disposable cuvette (REF 67.758.001, Nüm
brecht, Germany), (2.2) an acoustic mirror, and (2.3) a water-immersion 
ultrasonic transducer (5 MHz center frequency, Shanghai Zunen 
Nondestructive Testing Technology, Shanghai, China). A LabVIEW 
interface is used to drive the laser and record the signal at the ultrasonic 
transducer. For PA measurements, the laser passed right through the 
underwater part of the cuvette containing the AuNP suspension, 
generating a PA signal that was transmitted to the ultrasonic transducer 
by the acoustic mirror. To compensate for the system errors caused by, e. 
g., electrostatic interference and position changes, the output PA signal 
was normalized by that of a control sample (containing 0.1 nM of AuNPs 
or DP-AuNPs) measured in each experiment. 

2.4. Characterization of AuNP aggregates 

To investigate the influences of AuNP assembly on PA signal, ab
sorption spectra of dispersed/aggregated AuNPs were obtained (N4S 
UV-VIS spectrophotometer, INESA Analytical Instrument, Shanghai, 
China). Hydrodynamic size changes of AuNPs were characterized by 
dynamic light scattering (DLS) with BeNano 90 particle size analyzer 
(Bettersize Instruments, Dandong, China) equipped with a 671 nm laser 
and operating at an angle of 90◦ at 25◦C. 

2.5. Padlock probe ligation, BRCA, and PA measurement 

Padlock probe ligation was conducted at 50◦C for 15 min in a reac
tion mixture containing Ampligase (0.25 U/μL), ligation buffer (1×), 
PLP (60 nM), target DNA (20 nM), and BSA (0.2 μg/μL). Thereafter, the 
mixture (20 nM) was diluted to desired concentrations for BRCA. In the 
amplification process, a reaction mixture of 60 μL was prepared by 
mixing the ligation mixture (15 μL), P2 (10 μM, 6 μL), DP-AuNPs (0.8 
nM, 15 μL), MgSO4 (100 mM, 3.6 μL), dNTPs (10 mM, 2 μL), Bst buffer 
(10×, 6 μL), Bst 3.0 polymerase (8 U/μL, 2 μL), and H2O (10.4 μL). The 
BRCA suspension was incubated at 60◦C for 1 h. Thereafter, the sus
pension was diluted with 60 μL of H2O (the final concentration of AuNP 
was 0.1 nM) and pipetted to the cuvette for PA measurement. 

2.6. Gel electrophoresis 

Agarose gel electrophoresis (2.5%, 1×TAE) was performed to 
demonstrate the ligation and amplification. Samples to be analyzed 
were mixed with SYBR Gold and loading buffer, followed by electro
phoresis at room temperature (100 V, 45 min) and image taken (OI 100 
gel imaging system, Guangzhou BIO-OI Biotechnology, Guangzhou, 
China). 

3. Results and discussion 

3.1. Sensing principle 

Based on the SARS-CoV-2 sequences shared in GISAID (www.gisaid. 
org), a 33-nt-long single-stranded DNA sequence containing single- 
nucleotide polymorphism A23063T (corresponding to SARS-CoV-2 
spike N501Y) was synthesized as the target sequence (Table 1). For 

target quantification (illustrated in Fig. 2, blue arrows), the assay is 
initiated with a target-mediated PLP ligation process to prepare circular 
templates. As a proof-of-concept, the targets hybridized with the circular 
templates act as primers to initiate the polymerase reaction. In practice, 
primer-hybridized PLP would be used in the ligation process to obtain 
circular templates with attached primers. As a cascade amplification 
strategy, BRCA consists of two amplification reactions that are per
formed simultaneously and homogeneously: a conventional RCA reac
tion produces long single-stranded intermediate amplicons, which can 
be recognized by P2 (as well as remaining unligated PLP) for the sec
ondary amplification (i.e., stand-displacement amplification), gener
ating single-stranded end amplicons. End amplicons of BRCA can 
hybridize with DPs grafted onto AuNPs, leading to AuNP aggregation. 
The reaction suspension (containing AuNPs) is detected photoacousticly 
in the cuvette positioned in the PA chamber. Since Ampligase conducts 
highly stringent ligation, the mismatch between wild type sequence (i.e., 
a reference sequence without A23063T, from GenBank NC_045512.2) 
and PLP hinders the ligation, avoiding the following BRCA (gray arrows 
in Fig. 2). Either DNA or RNA targets can be used for the preparation of 
circular templates under an identical reaction principle. 

3.2. Sensing the size-dependent PA effect of AuNPs 

Delocalized conduction electrons shared among aggregated AuNPs 
could result in a redshift of surface plasmon resonance (SPR) response 
[51,52]. Accordingly, aggregation of AuNPs influences the PA signal due 
to the changes of optical absorption at certain wavelengths. Moreover, 
the effect of laser-induced nanobubbles (LINB) strongly depends on the 
size of AuNPs, causing a dramatic aggregation-induced PA signal in
crease independent from the optical absorption changes [28]. However, 
by evaluating AuNPs with diameters ranging from 12.5 to 83.3 nm, 
González et al. found that large AuNPs generate nanobubbles of largely 
distributed sizes (leading to interference and signal broadening), and the 
best PA sensing performances were obtained when using AuNPs around 
20–40 nm [28,29]. Considering that we employed the same AuNP 
preparation method (that led to similar particle size distributions, 
characterized by DLS), we decided to follow their conclusion and chose 
37 nm sized AuNPs for this study to balance the strength and precision of 
the PA response. 

PA volumetric sensing measures an ensemble average PA signal 
coming from the entire measured volume, suggesting a limited sensing 
resolution due to the dominance of unbound AuNPs (generating a high 
level of background signal) especially when measuring weak positive 
samples. Therefore, we first determined the working concentration of 
AuNP to balance the detection sensitivity with the robustness against 
system disturbance. The PA amplitudes of AuNPs at concentrations 
ranging from 10 pM to 0.8 nM were obtained using 521 nm and 640 nm 
lasers (Fig. S1), which shows that the PA amplitude varies linearly with 
the AuNP concentration, and that the setup achieved desirable signal-to- 
noise ratios at AuNP concentrations down to 0.1 nM. Hence, a working 
concentration of 0.1 nM AuNPs was chosen for the following 
experiments. 

To explore the PA response of AuNP aggregates (under a 640 nm 
laser), gradually aggregated AuNPs were prepared by adding MgSO4 of 
different concentrations to 0.1 nM of naked AuNPs. As shown in Fig. 3a, 
UV–vis absorption spectra of gradually aggregated AuNPs (induced by 
0.1–0.7 mM MgSO4) can be characterized by the decrease of absorption 
at 521 nm as well as a correspondingly increase of broad absorption at 
longer wavelengths. In addition to the changes of optical absorption, the 
hydrodynamic size changes of AuNPs aggregated by 0.1–0.8 mM MgSO4 
were confirmed by the DLS measurement (Fig. 3b), showing gradual 
increases from 37 to 136 nm. Micron-sized aggregates were also found 
but located out of the reliable detection range of DLS and not shown. The 
PA spectra (Fig. 3c, irradiated by a 640 nm laser) of the gradually 
aggregated AuNPs normalized by the amplitude of 0.1 nM naked AuNPs, 
which were recorded after 20.25 μs (compensating the ca. 30 mm 
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distance from the cuvette to the ultrasonic transducer). Notably, PA 
spectra show that the strongest ultrasonic waves were obtained within 
0.2–0.5 μs, suggesting that a sample thickness of 0.45 mm (corre
sponding to 0.3 μs of ultrasonic wave transmission in water) could be 
enough for PA quantification and thus the feasibility of microfluidic PA 
devices in the future. The maximum differences in normalized PA signal 
(between the maximum negative amplitude and the maximum positive 
amplitude) were recorded as the PA amplitude and plotted against the 

concentration of MgSO4 (Fig. 3d), showing a dynamic response range of 
0.2–0.7 mM MgSO4. Four times concentrated AuNPs (0.4 nM) were 
prepared and aggregated (Fig. 3d inset) by different concentrations of 
MgSO4 (0, 0.8, 1.2, 1.6, 2.0, 2.4, 2.8 mM), indicating that a PA ampli
tude of ca. 3 a.u. is corresponding to an observable AuNP aggregation. 

Fig. 2. Schematic illustration of BRCA and PA chamber. Target mutant sequences are ligated and then amplified, generating single-stranded end amplicons that can 
aggregate AuNPs for the following PA measurement. All the reaction processes can be performed homogeneously and the reaction can be measured volumetrically. 

Fig. 3. Feasibility tests of PA quantification by comparing (a) UV–vis absorption spectra, (b) DLS-based size distributions, and (c) representative PA spectra 
(irradiated by a 640 nm laser) of MgSO4-induced gradually aggregated AuNPs, normalized by the amplitude of 0.1 nM naked AuNPs. The black dashed lines in (a) 
indicate the positions of 521 and 640 nm. (d) The dose-response curve of maximum normalized PA signal difference vs. MgSO4 concentration. Error bars indicate the 
standard deviations of five independent replicates. The inset in (d) shows a photograph of 4 times concentrated gradually aggregated AuNPs. 

Fig. 4. Feasibility test for BRCA. (a) Agarose gel electrophoresis analysis of target (lane 1), PLP (lane 2), ligation products (lane 3), conventional RCA products (lane 
4), and BRCA products (lane 5). (b) Time-resolved changes of PA amplitude for the proposed biosensing strategy (irradiated by a 640 nm laser and normalized by the 
initial PA amplitude of blank control at 0 min). 
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3.3. BRCA feasibility test 

To demonstrate the molecular reaction as well as the probe design, 
gel electrophoresis analysis was applied to evaluate products of the 
ligation process, conventional RCA, and BRCA (see Fig. 4a). Compared 
to the target band (lane 1) and PLP band (lane 2), the slower band in lane 
3 indicates loop structures formed by target-PLP hybridization. During 
the ligation reaction, larger loop or linear structures containing several 
PLPs and targets can be formed, generating a smear following the band 
(indicated by a blue arrow). The synthesized target DNA containing 
single-nucleotide polymorphism A23063T was probed by PLP followed 
by Bst 3.0 polymerase-based conventional RCA (lane 4) or BRCA (lane 
5). For conventional RCA, 100 pM of target DNA was amplified without 
adding P2, forming a heavy band corresponding to the long single- 
stranded DNA products (indicated by a red arrow). For BRCA of 10 
pM target sequence, P2 hybridized with the long single-stranded RCA 
amplicons and triggered the cascade amplification, generating end 
amplicons of various lengths. The thick and heavy band of BRCA 
amplicon, as well as the short products, suggested a higher amplification 
efficiency compared to conventional RCA. Note that sequences and most 
amplicons are single-stranded, and thus cannot be simply compared 
with the marker in lane M. For comparison, phi29 polymerase-based 
RCA and BRCA were analyzed as well (Fig. S2). Due to the exonu
clease activity of phi29, both P2 and amplicons were digested during the 
reaction, resulting in fewer products that could hardly induce detectable 
AuNP aggregation. Therefore, Bst 3.0 was chosen in this study. 

We next performed BRCA with DP-AuNPs and compared the time- 
resolved PA outputs of three positive samples containing 100 fM, 1 
pM, and 10 pM target DNA (mutant), respectively. A blank control 
sample (buffer solution) and a negative control sample (1 pM of wild 
type target) were analyzed as well. As shown in Fig. 4b, BRCA with 
higher target concentrations expressed sharper curve slopes and tended 
to be stable earlier. The PA signal remained increasing after the rapid 
increase stage, which can be ascribed to the nonspecific aggregation of 
AuNP triggered by the reaction temperature (60◦C) and laser-induced 
local heating. Compared to the low concentration samples, the sample 
containing the highest target concentration (10 pM) reached the lowest 
PA signal plateau. The hook effect was caused by the large amount of 
rapidly produced short amplicons, which saturated all DPs grafted onto 
AuNPs and avoided the formation of AuNP aggregates. As a result, a 
negative correlation between the PA plateau values and target concen
trations can be observed. 

3.4. BRCA-based target quantification 

DNA quantification study was performed using the synthetic 
A23063T target. After PLP probing and BRCA, target-induced AuNP 
aggregation was detected by the proposed PA biosensor. Despite the 
clearly observable color changes, BRCA-induced AuNP aggregations 
have noisier PA spectra with smaller amplitudes (Fig. 5a) compared to 
the MgSO4-induced AuNP aggregates (Fig. 3c). It can be explained by 
the DNA coils among AuNPs and the deposition of MgPPi, both of which 
influenced the delocalization of conduction electrons and thus the SPR. 
End-point PA responses obtained after 60 min of BRCA were recorded 
for the dose-response curve (Fig. 5b). Herein, the PA response is defined 
as the normalized increase of PA amplitude, (S − S0)/(B − B0), where S0 
and S represent the PA amplitudes of the sample before and after BRCA 
reaction, respectively, while B0 and B represent the PA amplitudes of the 
blank control before and after BRCA reaction, respectively. The PA 
response had a monotonic positive correlation with the target concen
tration between 0.1 fM and 1 pM, with a dynamic detection range of ca. 
3 orders of magnitude. A cutoff line was plotted as the average signal 
plus three standard deviations (σ) of the blank controls. Based on the 3σ 
criterion, a limit of detection (LOD) of 0.3 fM was achieved by the 
proposed method. The average coefficient of variation in the dynamic 
detection range of 1–1000 fM was 7.5%, suggesting good repeatability. 
Compared to other RCA-based amplification methods capable of single- 
nucleotide discrimination (Table S1), the proposed strategy shows an 
improved LOD due to the LINB effect (which can be regarded as one 
additional signal amplification process). 

3.5. Target quantification in serum 

Considering that the applicability of both AuNPs and RCA were fully 
demonstrated using simulated biological samples and real samples by 
other groups [21,53,54], we expect that the PA biosensor holds potential 
in analyzing complex samples. To investigate the influences of matrix 
effects, series dilutions of targets were prepared in buffer solution con
taining 5% FBS for BRCA and PA analysis. Due to increased nonspecific 
binding, the PA responses found in FBS samples were lower than those 
obtained in pure buffer for the same target concentration (cf. Figs. S3 
and 5b), resulting in decreased sensitivity but a similar LOD of 0.5 fM. 
Considering that the 20-fold diluted serum still contains a higher con
centration of background biomacromolecules (and thus stronger matrix 
effects) than nasopharyngeal swab samples commonly used in 
SARS-CoV-2 diagnostics, this test proves the robustness of the proposed 
method in analyzing biological samples. 

Fig. 5. BRCA-based PA quantification of synthetic SARS-CoV-2 spike N501Y DNA. (a) Representative PA spectra (under 640 nm irradiation) of different target 
concentrations after 60 min of BRCA, normalized by the blank control sample. (b) Dose-response curve of target detection based on the proposed PA biosensor. (c) 
Specificity test. PA responses after 60 min of BRCA for 10 fM and 1 pM of indicated sequences. The red dashed lines indicate the cutoff value. Error bars indicate the 
standard deviations of five independent replicates. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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3.6. Specificity test 

The PLP ligation-based RCA strategy can discriminate single- 
nucleotide polymorphism and therefore holds the potential to distin
guish SARS-CoV-2 VOCs, which is of high importance in COVID-19 
control. Non-relevant DNA (sheared salmon sperm DNA with an 
average size of 150 nt) and synthetic wild type sequence were detected 
at 10 fM and 1 pM using the proposed method and compared with the 
results of target (mutant) sequence (see Fig. 5c). Mixtures of all three 
kinds of sequences were also tested. After PLP ligation and BRCA, end- 
point PA responses of both wild type sequence and non-relevant DNA 
were measured, which were close to the average value of blank controls 
used for normalization. Moreover, mixtures containing all three kinds of 
sequences gave similar PA responses to these obtained from samples 
containing target only, indicating both the specificity and the robustness 
(against background amplification) of the proposed PA biosensor. 

4. Conclusions 

In summary, a homogeneous and isothermal PA biosensor was 
demonstrated for molecular amplification and detection of a synthetic 
DNA representing SARS-CoV-2 spike N501Y. BRCA amplicons aggre
gated DP-AuNPs and induced a strong PA signal at 640 nm due to the 
SPR shift as well as the size-dependent LINB effect, achieving a sub- 
femtomolar LOD. Thereafter, we evaluated the specificity of the pro
posed biosensor for single-nucleotide polymorphism discrimination and 
its robustness against background amplification, demonstrating its po
tential applicability to rapid detection and control of SARS-CoV-2 var
iants of concern. 
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