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Plasmonic PCR utilizing metallic nanoparticles has shown great advantages compared to the commercial
thermocycler equipment in terms of cost, size and processing time. However, due to the strong fluor-
escence quenching, plasmonic nanoparticle-based PCR requires additional post-processing steps such
as centrifugation and gel electrophoresis. This process increases the overall diagnostic time, offsetting the
benefits of fast thermocycling. Here, we report a rapid and sensitive plasmonic photothermal PCR
(PPT-PCR) assay method based on in situ end-point fluorescence detection. By using plasmonic mag-
netic bi-functional nanoparticles, PPT-PCR involving 30 thermocycles and fluorescence detection fol-
lowing magnetic separation has successfully shown that DNA targets can be detected within 5.5 minutes.
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The limit of detection (3.3 copies per plL) is comparable with that of the conventional real-time quantitat-
ive PCR; however, the assay time is about 5.5 times shorter for the PPT-PCR. The strategy of combining
the photothermal effect and magnetic separation into a single particle will open new horizons in the

Published on 19 March 2021. Downloaded by University of Connecticut on 5/16/2021 7:35:46 AM.

rsc.li/nanoscale

Introduction

Nucleic acid amplifications (NAAs) represent important and
valuable tools for chemists, biologists, and medical scientists
and have found extensive use in most fields of biological and
medical research.’ With the 2019 pandemic of coronavirus
(COVID-19), there is an increasing need for fast and reliable
NAA tools to find the cause of infection and contain it."° In
particular, due to its ability to detect trace amounts of nucleic
acids,"" " diagnosis based on polymerase chain reaction
(PCR) has been considered as a standard method for identify-
ing many diseases."*>" Real-time quantitative PCR (qPCR) is
the most widely used tool for diagnostic testing because of its
fast analysis time and because there is no need for post-
processing.'®>* However, disadvantages such as heavy and
time-consuming instruments (~1 to 2 hours) and high price
(~20 K USD) make it difficult to apply conventional PCR to
point-of-care diagnosis (POC).>*>*
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development of fast and sensitive PCR-based biosensors for point-of care testing.

Recently, PCR systems using plasmonic metallic nano-
particles have become an active research area and shown
advantages in terms of time and cost.>>*® Nonradiative relax-
ation of absorbed light by nanoparticles can be converted to
significant thermal energy through photoexcitation of plas-
mons or through electron-phonon and phonon-phonon coup-
ling, resulting in rapid and localized heat around
nanostructures.”’ ! Utilizing light-to-heat conversion, known
as the plasmonic photothermal effect, can reduce the overall
thermocycling time, the core process of PCR, to less than
10 minutes.>***'*® However, many of these methods still
require post-processing and complex sample preparation and
replacement protocols, making them less attractive for wide-
spread use. In addition, the strong light absorption of these
nanoparticles can significantly attenuate the fluorescent
signals emitted by widely used fluorescent reporters, which
limits the ability to quantify amplification products in nano-
particle-based PCR systems.”®*> Recently, plasmonic photo-
thermal PCR using anisotropic gold nanoparticles has shown
that real-time quantitative analysis is possible by preventing
photobleaching using an infrared (IR) light source and increas-
ing the signal-to-noise ratio using a large amount of fluo-
rescent reporters.”’ However, the large amount of fluorescent
reporters can inhibit PCR and cause non-specific amplification
which would interfere with quantification.?”

Here, we report a fast, sensitive and quantitative plasmonic
photothermal (PPT)-PCR method based on end-point fluo-
rescence detection using plasmonic magnetic nanoparticles

This journal is © The Royal Society of Chemistry 2021


www.rsc.li/nanoscale
http://orcid.org/0000-0002-2487-3645
http://orcid.org/0000-0002-7891-8482
http://orcid.org/0000-0003-3229-6427
http://crossmark.crossref.org/dialog/?doi=10.1039/d1nr00102g&domain=pdf&date_stamp=2021-04-15
https://doi.org/10.1039/d1nr00102g
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR013015

Published on 19 March 2021. Downloaded by University of Connecticut on 5/16/2021 7:35:46 AM.

Nanoscale

PPT-PCR

----..\"'""'
/ Denaturation \

\
\

[ \]

End-point Fluorescence detection

-

- el TN [T g’ AW

- I Blue LED Weak or No Blue LED Strong
. Annealing ‘*' ion Emission

Extension
-

IRLED

o
FL quenching Magnet separation

@ PMNs oSYBR Green| ‘/F-Primer \/R-Primer 00000000 Template DNA

Fig. 1 Schematic illustrations of the plasmonic photothermal (PPT)-
PCR method based on in situ end-point fluorescence detection using
plasmonic magnetic nanoparticles (PMNs).

(PMNSs) for molecular diagnostics (Fig. 1). Rapid DNA amplifi-
cation and quantitative detection were achieved using specially
designed core-shell bi-functional nanoparticles. Gold shells
were used as nano-sized heaters to achieve ultrafast PCR ther-
mocycling based on the plasmonic photothermal effect. By
irradiating light with a resonance wavelength to the Au shell,
the heat converted from light by nanoparticles can be quickly
and uniformly transferred to the surroundings, and the temp-
erature of the PCR for DNA amplification can be controlled by
periodically adjusting the LED operating power. To enhance
the saturation magnetization, a superparamagnetic nano-
cluster core composed of small-sized iron oxide nanoparticles
was synthesized and used for ultrafast magnetic separation for
in situ fluorescence signal detection. Fast separation of PMNs
using an external magnetic field can reduce the fluorescence
quenching of SYBR green I (SG), which is commonly used in
quantitative PCR protocols. We showed that PPT-PCR inte-
grated with fast end-point fluorescence detection can be used
for fast, sensitive and quantitative biomarker detection. We
achieved 30 thermocycles between 72 °C and 95 °C in
<4.2 minutes with a 10 pL reaction volume, corresponding to a
heating ramp rate of 8.71 + 0.36 °C s " and a cooling ramp rate
of 5.51 + 0.22 °C s~'. The calculated limit of detection (LOD,
3.3 copies per puL) was similar to that of conventional real-time
PCR equipment, but the analysis time was reduced by about
5.5 times for PPT-PCR.

Experimental
Chemicals and instruments

All chemicals were of analytical grade and used as received
without further purification. Iron(m) chloride hexahydrate
(FeCl3-6H,0), ethylene glycol (EG), sodium acetate (NaOAc),
sodium citrate (Na;Cit), tetrachloroauric acid trihydrate
(HAuCl,-3H,0), (3-aminopropyl) trimethoxysilane (APTMS),
tetrakis(hydroxymethyl)phosphonium  chloride  solution
(THPC), sodium hydroxide (NaOH), and potassium carbonate
(K,CO3) were purchased from Sigma Aldrich. Formaldehyde
(FA) was purchased from TCI. mPEG-thiol (M.W. = 5k) was pur-
chased from Laysan Bio, Inc. KAPA2G Fast PCR Kit was pur-
chased from Roche. HPLC purified forward primer (5-ATC
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AAA CGG CAG GCA GAA CAG G-3') and reverse primer (5-ACA
GGG ACA TCG CCA CCA GAA A-3'), ANTP mix, nuclease free
water, SYBR safe and SYBR Green I (SG) were purchased from
Thermo Fisher Scientific. Quick-Load® purple low molecular
weight DNA ladder, Quick-Load purple 1 kb DNA ladder and
gel loading dyes were purchased from New England BioLabs,
Inc. Mineral oil and transparent PCR tube and cap were pur-
chased from Bio-Rad Laboratories. Optical spectra were moni-
tored by using a UV-vis-IR spectrometer (Cary 60, Agilent).
Morphology and size distribution of PMNs and other inter-
mediates were examined with a transmission electron micro-
scope (TEM, Tecnai 12, Philips) and field emission TEM
(FE-TEM, JEM-F200, JEOL).

Preparation of magnetic nanoclusters

Iron oxide magnetic nanoclusters were synthesized by a
reported method with modifications.*® Typically, FeCl;-6H,0
(0.68 g, 2.5 mmol), sodium acetate (1.2 g, 0.015 mol), NasCit
(0.22 g, 0.75 mmol) and 400 pL deionized water (DIW) were
added in 20 mL ethylene glycol. After 2 h of sonication at
30 °C, a dark yellow solution formed, which was transferred to
a Teflon-lined stainless-steel autoclave reactor. The solution
was maintained at 200 °C for 12 h and then naturally cooled
down to room temperature. The mixture was then washed with
20 mL ethanol (EtOH) and 20 mL DIW 2 times each, followed
by 24 h of drying at 60 °C. Five milligrams of as-prepared mag-
netic nanocluster powder was dispersed in 10 mL EtOH, and
500 pL of APTMS was then added to the solution. After being
vortexed for 12 h at 1000 rpm, the particles were collected by
using a magnet and washed with 10 mL DIW 3 times.

Preparation of plasmonic magnetic nanoparticles (PMNs)

Au seed colloids were prepared using a reported method.*®
Briefly, 6640 pL of 1 M NaOH solution was mixed with 600 mL
of DIW followed by the addition of 160 pL of the reducing
agent THPC. Finally, 24 mL of 1% (wt/wt) HAuCl,;-3H,0 was
added to the vials under constant stirring. After being stirred
for 30 seconds, the solution was moved to a refrigerator and
stored at 4 °C. The solution was 5 times concentrated before
use. Ten microliters of as-prepared magnetic nanocluster-NH,
was mixed with 10 mL of 5 times concentrated Au colloid solu-
tion, followed by the addition of 1.5 mL of 1 M NaCl. The
mixture was vortexed at 1000 rpm for 12 h. Magnetic nano-
cluster-Au seed particles were washed with 20 mL of DIW
three times, and redispersed in 2.5 mL of DIW. For the for-
mation of the Au shell, a plating solution was prepared.*
Typically, 500 mL of 1.8 mM K,CO; was mixed with 10 mL of
1% (wt/wt) HAuCl,;-6H,0. The mixture was stirred at 400 rpm
overnight. After that, 1 mL of magnetic nanocluster-Au seed
nanoparticles was added to 200 mL of the plating solution at
600 rpm after 1 min of sonication; then 400 pL of 37% FA was
quickly added to the reaction solution. After the formation of
the Au shell (30 min), 2 mL of 1% Tween-20 in DIW was added
to the reaction solution. After 2 h of stirring, the mixture was
centrifuged (1500 RCF, 10 min) and washed with 40 mL of
DIW three times. Finally, PMNs were redispersed in 8 mL
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DIW. Eight milliliters of PMNs in DIW was added to 8 mL of
1% mPEG-thiol solution and vortexed at 1000 rpm overnight.
The reaction mixture was centrifuged (1500 RCF, 10 min) and
washed with 40 mL of DIW 3 times. Finally, PMNs were redis-
persed in 1 mL of 1% BSA and kept at 4 °C for 24 h.

PPT-PCR optical device

Infrared-LED (850 nm peak wavelength, mounted on a metal
core PCB, 8.5 W power rating, 3.8 W radiant flux (at 700 mA
forward current, 12.4 V forward voltage), LZ4-40R608, LED
Engine, CA, USA) was used for the plasmonic heating of
PMNs, controlled by a power supply (Keithley-2230G-30-1 triple
channel DC power supply, Tektronix, Inc., OR, USA). A
20.0 mm focus spot top lens fiber coupling (10356, Carclo
Optics, PA, USA) was used to focus the light on the samples.
Blue-LED (5 mm, 480 nm peak wavelength, 3.2 V forward
voltage, 20 mA forward current, 4.1 cd, C503B-BCN-CV0Z0461,
CREE, Inc., NC, USA), FITC excitation filter (center wavelength
= 475 nm, bandwidth = 35 nm, MF475-35, Thorlabs, Inc., NJ,
USA) were used for the excitation of SYBR® Green I, and a
spectrophotometer (CCS200, Thorlabs, Inc., NJ, USA) and
optical fibers (M0065-51-0034, Thorlabs, Inc., NJ, USA) were
used for the collection of fluorescent emission signals for
in situ end-point measurements. The temperature was
measured and recorded with an IR thermometer
(OPTCSTCLT15, Optcs, GER) and thermal camera (FLK-100-
CLKT, Fluke, WA, USA). Thermocycling with LED, power
supply, fluorescence measurement, cooling fans, and tempera-
ture measurement were controlled with the LabVIEW program.

Preparation of PCR

Two microliters of 5x PCR buffer, 0.5 pL 10 puM F-Primer,
0.5 pL 10 pM R-Primer, 0.2 uL 10 mM dNTP, 0.04 pL 5 U uL™"
KAPA2G Fast polymerase, 0.5 pL 20x SYBR Green I in DMSO,
and 0.26 pL nuclease free water was mixed as a master mix
solution. For PPT-PCR, PMNs in 1% BSA was centrifuged and
re-dispersed in 0.4% BSA of the same volume. In a 10 pL reac-
tion, 5 pL PMNs in 0.4% BSA was mixed with 4 pL master mix
solution. After adding 1 pL Lambda DNA template solution,
20 pL mineral oil was added to avoid the evaporation of water
during thermocycling. For PCR by a conventional thermocy-
cler, 5 uL nuclease free water and 1 pL Lambda DNA template
solution were mixed with 4 pL master mix solution. PCR pro-
ducts were analyzed by mixing 3 pL of 6x loading buffer and
5 pL of DIW with 10 pL reaction solution and loading 5 pL of
the mixture on 3% agarose gels with SYBR safe staining. A
DNA ladder was used to confirm the size of products.

Results and discussion
Plasmonic magnetic nano-sized heaters

Rapid plasmonic PCR and end-point fluorescence detection
are based on light-driven photothermal heating and the mag-
netic properties of bi-functional PMNs. As the optical pro-
perties of core-shell nanoparticles highly depend on the size
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Fig. 2 (A) Scheme of PMNs. (B) TEM images of the magnetic nano-
cluster core. (C) UV-vis-IR spectrum and TEM image of PMNs. (D) High-
angle annular dark-field image (HAADF) and elemental mapping images
of PMNs, where Au and Fe elements are displayed as red and green
colors.

of the core and shell, we synthesized particles composed of an
80 nm magnetic nanocluster core and a 20 nm gold shell to
use the IR light source (Fig. 2A). Iron oxide magnetic nano-
clusters were prepared by modified solvothermal synthesis
(81.8 nm + 5.6 nm) (Fig. 2B and S1At).>® The nanoclusters are
composed of small-sized iron oxide nanoparticles (5 to 10 nm)
and exhibit the collective behavior of individual nanoparticles,
increasing the magnetic moment while maintaining super-
paramagnetic behaviour (Fig. S1D-Ff). After being functiona-
lized with amino groups, magnetic nanoclusters were further
coated with an ~2 nm Au colloid (Fig. S1Bt), followed by seed-
mediated growth of the Au shell (Fig. 2C and S1C7).*>*° The
average diameter of PMNs was confirmed as 122.2 nm =*
6.9 nm. Next, surface modifications of PMNs with mPEG-thiol
were employed to minimize the nonspecific interaction
between PMNs and PCR reagents. UV-vis spectra and TEM
were used to characterize the optical properties and mor-
phology of PMNs (Fig. 2C). The UV-vis spectrum shows that
PMNs have strong light absorption properties in the IR wave-
length region, indicating that they are suitable for photother-
mal conversion by nanoparticles with 850 nm IR light
irradiation.*" The crystalline structure of iron oxide nano-
clusters and PMNs was analyzed with high-resolution TEM
and X-ray diffractometer (Fig. S1 and S27). The differences on
the XRD patterns between iron oxide nanoclusters and PMNs
are matched with the results from HAADF and EDS elements
mapping. The results indicate that the magnetic core is com-
pletely encapsulated by the Au shell (Fig. 2D). Therefore, PMNs
are ideal for fluorescence-based analysis as they can avoid

This journal is © The Royal Society of Chemistry 2021
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photobleaching of fluorescent dyes (SYBR Green I, excitation =
497 nm and emission = 520 nm) caused by prolonged light
exposure.

Plasmonic thermocycling for nucleic acid amplifications

By using specially designed plasmonic magnetic bi-functional
nanoparticles, the photothermal properties are systematically
investigated. In the designed particles, the magnetic core pro-
vides the magnetic properties that can be used to quickly sep-
arate particles using magnets, enabling rapid fluorescence
detection, and the Au shell generates heat due to its photother-
mal properties when irradiated with IR light. For fast photo-
thermal conversion, a home-built photothermal device with an
850 nm IR-LED light for heating, a fan for cooling (operates
only during the cooling process), and an IR temperature
sensor that accurately measures and records the temperature
of the solution were used (Fig. S31). Compared to thermo-
couples that require contact detection of a solution, non-
contact temperature measurement can prevent contamination
of samples and reduce the time required to prepare an experi-
ment.>' Because the photothermal conversion efficiency is
directly correlated to the strength of the absorption property of
the nanoparticles, we first demonstrated thermocycling using
PMNs with different concentrations (Fig. 3). Representative
temperature profiles were obtained from rapid thermocycling
(30 cycles) between 72 °C and 95 °C with a fixed solution
volume of 10 pl and varying optical density (OD) of PMNs
(Fig. S4t). Fig. 3A shows the heating and cooling ramp rates
(extracted from Fig. 3B) calculated by dividing the temperature
difference between 72 °C to 95 °C with the measured time
interval between the two temperatures. The absorption of
photons by gold nanoparticles has no significant way to lose
energy other than the release of heat to the surroundings.>®*>
Therefore, a linear increase in heating ramp rate is expected
with the increase in nanoparticle concentration, which is in
good agreement with our experimental results (Fig. 3A). The
results showed a decrease in the time necessary to achieve 30
cycles when the OD of the PMNs was increased from 2.0 to
14.0.
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Fig. 3 (A) Heating and cooling ramp rates of samples with different
concentrations of PMNs. The dashed line shows the linear regression of
the heating ramp rate: rate = 0.731994 + 0.7265630D (R? = 0.97861). (B)
Temperature profile of one thermocycle with different concentrations of
PMNs.
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The shortest thermocycling time for 30 cycles was con-
firmed to be 253 + 5.3 seconds for the 14.0 OD sample (10 pL
solution), which corresponds to the heating and cooling ramp
rates of 8.71 + 0.36 °C s™' and 5.51 + 0.22 °C s, respectively
(Fig. 3A and S3t). The heating and cooling ramp rates can be
further increased by reducing the reaction volume (Fig. S77).
The accuracy of the set temperature was 95.5 + 0.27 °C and
71.6 = 0.11 °C for 95 and 72 °C. There was no significant
improvement of the heating rates when the OD was increased
above 14.0 (Fig. 3A). This can be caused by a reduced light
penetration depth or plasmonic coupling between close par-
ticles as the concentration of nanoparticles increases.’®****
No significant heating was observed without PMNs in the
IR-LED irradiation (Fig. S5f). The changes in the UV-vis-IR
spectrum were monitored to confirm the thermal stability of
PMNs, and no spectral changes were detected after 30 photo-
thermal cycles from 72 °C to 95 °C (Fig. S6t). Furthermore, we
also optimized the heating rate with different sample volumes
and different working currents of IR-LED (Fig. S7t). Unless
otherwise specified, 14.0 OD of PMNs and 10 pL of solution
volume were used for all experiments.

Validation of PPT-PCR amplification and fluorescence-based
detection

After obtaining the optimal ramp rate determined by LED
intensity and particle concentration studies, the system was
applied to evaluate the analytical performance of PPT-PCR for
trace nucleic acid amplification and fluorescence-based detec-
tion. As shown in Fig. 4, PPT-PCR was conducted in two steps:
30 thermocycles between 95 °C (0 seconds, denaturation) and
72 °C (2 seconds, annealing/extension) including an initial
denaturation of 20 seconds at 95 °C. Volumetric uniform
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Fig. 4 (A) PPT-PCR temperature profile of the two steps for the 30
thermocycles between 95 °C (0 seconds, denaturation) and 72 °C (2
seconds, annealing/extension) including an initial denaturation of 20
seconds at 95 °C. (B) Temperature execution profile performed by the
photothermal LED device. (C) Thermographic camera images of PMN
solution upon IR-LED irradiation.
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heating by PMNs were further confirmed by using a thermo-
graphic camera. The images showed that the solution tempera-
ture changed rapidly from room temperature to 72 °C and
95 °C only when irradiated with IR-LED light (Fig. 4C). To
demonstrate PPT-PCR, Lambda DNA was amplified with the
PMNs (14.0 OD) and SG (1x) by using our homebuilt LED-
device. The temperature profile shows that the two steps of 30
thermocycles including initial denaturation can be completed
in ~300 seconds (Fig. 4A). Since the emission of fluorescent
dyes close to the nanoparticle surface in colloidal suspensions
undergoes significant quenching,”> the PMNs need to be
removed from the reaction solutions to measure the clear and
strong fluorescence signal from the amplicons. After the
PPT-PCR amplification reactions, we applied an external mag-
netic field to collect the PMNs to the bottom of the PCR tube
for in situ fluorescence detection. The amplification reaction
was confirmed by measuring the fluorescence signal produced
by SG upon excitation from a blue LED. Fig. 5 shows the fluo-
rescence image and scheme of sample before and after mag-
netic separation. Without magnetic separation, no detectable
fluorescence emission was measured due to fluorescence
quenching and spectral overlap with PMNs (Fig. 5A). In com-
paring with the smaple in Fig. 5A, the stronger fluorescence
intensity of the sample in Fig. 5B indicate that magnetic
separation can contribute to rapid fluorescence detection is
indispensable for reliable measurements. Besides, the PCR
efficiency and quenching effect in relation to PMN concen-
tration were studied (Fig. S8T).

PPT-PCR quantification via in situ end-point fluorescence
measurement

To evaluate the analytical LOD of PPT-PCR, a serial dilution of
Lambda DNA templates was prepared and amplified by
PPT-PCR. Forward and reverse primers were designed to
amplify 100-nucleotides from the Lambda DNA sequence.
Fig. S91 shows a characteristic fluorescence spectrum of
DNA-SG. The fluorescence intensity of amplicon at 525 nm
was measured after the magnetic separation and plotted
against template DNA concentrations for quantification
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Fig. 5 Fluorescence image and scheme of reaction solution before (A)
and after (B) magnetic separation of PMNs.
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Fig. 6 (A) End-point fluorescence intensity plot of PPT-PCR against
Lambda DNA template concentration (integration time: 200 milli-
seconds). (B) End-point fluorescence intensity plot of the conventional
PCR. (C) Fluorescence images of PPT-PCR (upper: before magnetic sep-
aration; lower: after magnetic separation). (D) Gel electrophoresis image
of PPT-PCR.

(Fig. 6A). The LOD was calculated from the linear detection
ranges of the end-point fluorescence-based PPT-PCR (fluo-
rescence = —2605 + 1891log [Lambda DNA] (R* = 0.98548)). The
calculated LOD was 3.3 copies per pL (3opjani)- We confirmed
that the magnetic separation and end-point fluorescence
measurement processes could be completed within 15 seconds
including 200 milliseconds of integration time (Fig. 6C).
Therefore, the assay including 30 thermocycles and end-point
fluorescence measurement can be completed in ~5.5 minutes.
The analytical performance and LOD of PPT-PCR were com-
pared with a conventional PCR thermocycler (Fig. 6B). Due to
the system limitation, the cycling conditions of the conven-
tional PCR instrument was adjusted to 95 °C, 20 seconds for
initial denaturation; 95 °C, 5 seconds for denaturation; and
72 °C, 10 seconds for annealing and extension (the total time
for 30 thermocycles was 30 minutes), because it cannot gene-
rate a reproducible amplification performance under ultrafast
thermocycling conditions of PPT-PCR. The reaction mixtures
without PMNs were tested with a conventional PCR thermocy-
cler, fluorescence signals were measured after the PCR amplifi-
cation and the calculated LOD was 6.8 copies per pL (Fig. 6B).
The results indicated that PPT-PCR has similar levels of sensi-
tivity and performance to commercial equipment, but with an
approximately 5.5 times faster thermocycling time. The ampli-
fication products of PPT-PCR were further characterized by
agarose gel electrophoresis and compared with the products
from a conventional PCR thermocycler (Fig. 6D and S10). The
clear changes in band intensities well matched with the
changes in end-point fluorescence measurements and there
was no significant difference between the two systems, indicat-
ing comparable performance.
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Conclusions

In conclusion, we demonstrated a rapid and sensitive fluo-
rescence biosensor based on plasmonic PCR using plasmonic
magnetic nanoparticles for plasmonic photothermal heating
as nano-sized heaters and fast fluorescence detection via mag-
netic separation. The shortest analysis time was achieved by
optimizing LED intensity and the concentration of particles,
demonstrating an ultrafast PPT-PCR that can complete 30 ther-
mocycles and fluorescence detection in about 5.5 minutes. In
the end-point fluorescence quantification of the amplified
product, PPT-PCR shows a wide dynamic range, and the LOD
achieved for the Lambda DNA template (3.3 copies per pL) is
comparable to the sensitivity of conventional PCR equipment.
Thus, compared to conventional real-time qPCR and other
high-speed photonic PCR, our bi-functional nanoparticle and
fluorescence detection-based PPT-PCR shows great advantages
in both time- and cost-effectiveness and detection sensitivity
(Table S11). We believe that our strategy will be the basis for
researchers to develop sensitive, inexpensive, highly mobile
and low-energy methods that will allow researchers to quickly
and accurately identify diseases through well-established NAA
techniques.
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