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Abstract

It is critically important to have rapid screening and identification of contagious viral diseases
such as the current COVID-19 pandemic that is caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). Rapid and accurate diagnostic is essential for preventing
worldwide spread of virus and ensuring in-time care for patients during the fast spread of
pandemic diseases. Nanobiotechnology enabled tools have allowed to develop advanced
polymerase chain reaction (PCR) based diagnostics of contagious viral diseases. To this end,
microfluidic on-chip PCR platforms have shown huge promise for highly efficient, rapid and
small-volume bioassay for point-of-care (POC) diagnostic applications in mitigating the
challenges of SARS-CoV-2. Here, we discuss latest advances in ultrafast, real-time, and on-chip
nanoplasmonic PCR for rapid and quantitative molecular diagnostics at POC level.
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Introduction

It is widely recognized that rapid diagnosis of
COVID-19 and other highly contagious viral
diseases is essential to ensure timely
medical care, quarantining and contact
tracing. Reverse transcription-polymerase
chain reaction (RT-PCR) is considered the
gold standard worldwide for diagnosis during
the COVID-19 pandemic. RT-PCR normally
uses enzymes to reverse transcribe tiny
amounts of viral RNA to DNA, which is then
used to amplify the DNA. This allows
detection by a fluorescent probe. RT-PCR is
proven to be the most sensitive and reliable
diagnostic method. However, bulky and
expensive machines are required to

complete the PCR portion of the test.
Further, the conventional real-time PCR
thermal cyclers are based on the Peltier
effect that have a long turnaround time of

PCR for more than 1 hour. The reason of the
lengthy time to complete the PCR portion of
the test is due to the fact that it requires 30-
40 cycles of heating and cooling in special
machines. Moreover, the sample preparation
along with false negative results can extend
the diagnostic waiting time in multiple PCR
tests. Additionally, samples are usually sent
out to a laboratory that causes further delays
as the patients are required to wait a day or
two to receive their diagnosis results. All
these procedural and logistic difficulties
suggest that time-consuming, bulky, and
expensive equipment and analytical steps for
real-time PCR based diagnostics have
serious limitations that prevent for immediate
infection diagnostics at point-of-care (POC)
level [1-5].

Researchers have been actively
engaged in the development of PCR cyclers
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for POC diagnostics that have been
demonstrated for accurate and fast thermal
cycling to increase heating ramp. To this end,
photonic PCR utilizing plasmonic materials
has been applied that has shown potentials
for substantially reducing the amplification
time as a result of the ultrafast and
noncontact  light-to-heat  conversion. In
plasmonic principles-based designs, gold
nanospheres, nanorods, bipyramids, or
nanoshell dispersed in PCR solution have
been employed that have been shown to
accelerate photothermal heating under laser
irradiation. In these systems, light absorption
of gold nanoparticles (AuNPs) excites hot
electrons that result in strong non-radiative
relaxation within tens of femtoseconds. This
subsequently  produces uniform  and
volumetric heat of sample solution. Current
research has focused on addressing some
technical challenges such as temperature
gradient, PCR efficiency, and real-time
monitoring that are needed to be overcome
for rapid and quantitative molecular
diagnostics [6-8].

On-chip PCRs are considered one of
the best technology options for fast and
reliable POC diagnostics [9]. It is believed
that such a technology can be leveraged for
the miniaturization and integration of POC
testing systems. Especially, low thermal
capacities are possible to obtain due to small
sample volume and high surface-to-volume
ratio, which results in fast heating/cooling
rates and short reaction time [9]. The
advantage is that the technology utilizes
spatial and temporal thermal cycling that
allows continuous or droplet sample fluid
flows along a microfluidic channel with
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spatially discrete temperature regions for
PCR cycling by using different resistive
microheaters. Further, a small volume of
sample solution in microchambers can
perform rapid PCR using time-variant thermal

infrared laser heater. To make higher-
performance on-chip PCRs for practical POC
applications, current considerations are to
overcome technical challenges such as
external pumping or microbubble formation

cycling of Peltier heater, thin film heater, and [9].
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Figure 1: Schematic depiction of a vacuum-enabled nanoplasmonic on-chip platform for
polymerase chain reaction. (a) Working principle showing a vacuum-charged plasmofluidic PCR
(PF-PCR) chip that allows spontaneous sample loading, ultrafast photothermal heating,
microbubble-free reaction, and real-time cyclic fluorescence quantification. (b) Nanofabrication
steps of the PF-PCR chip are shown that include plasmonic nanopillar arrays (PNA) that are
fabricated by using thermal dewetting, reactive ion etching, and Au thin film deposition on a
wafer scale. Subsequently, the HSQ-coated plasmonic nanopillar arrays. (c) A photograph of
PF-PCR chip (14 x 26 x 4 mm) with cross-sectional SEM images of PNA [Source: ACS Nano
(2021)].

Recently, researchers demonstrated ultrafast
and real-time nanoplasmonic on-chip PCR
for rapid and quantitative molecular

Nanoplasmonic On-Chip PCR: Rapid and
Quantitative Molecular Diagnostics
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diagnostics using nanoplasmonics and
vacuum-assisted microfluidics (Figure 1) [9].
The so-called plasmofluidic PCR (PF-PCR)
chip allowed vacuum-assisted easy sample
loading into dead-end reaction microchamber
arrays that were enclosed by pre-charged
vacuum cell and vapor barrier (Figure 1).
They employed vacuum cell with a high gas-
permeability layer (HPL) on the wall of
microchamber arrays that effectively induced
spontaneous loading of sample solution and
continuous removal of microbubbles trapped
or newly produced during the reaction [9].

In this study, the vapor barrier was
shown to have a low gas-permeability layer
(LPL) that helped the prevention of solution
evaporation during the reaction cycles of high
temperature. Glass nanopillar arrays with Au
nanoislands were then employed that
produced ultrafast nanoplasmonic heating

resulting from strong light-to-heat conversion
of white light emitting diode ‘WLED’ as well
as rapid cooling due to a large surface-to-
volume ratio of nanopillars. This PF-PCR
chip provided rapid and spontaneous sample
loading, ultrafast thermal cycling, and real-

time  quantification  with  bubble-free
environment for quantitative POC molecular
diagnostic applications [9].

In this design of the on-chip plasmonic
PCR, a postage stamp-sized
polydimethylsiloxane chip was employed that
had a microchamber array for the PCR
reactions. Upon adding a drop of sample to
the chip, the liquid was pulled into the
microchambers by the applied vacuum. It
was then positioned above glass nanopillars
with gold nanoislands. Further, microbubbles
that could interfere with the PCR reaction,
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diffused out through an air-permeable wall.
Subsequently, by turning a white LED on
beneath the chip, the gold nanoislands on the
nanopillars quickly converted light to heat
that rapidly cooled when the light was turned
off (Figure 1) [9].

On-Chip PCR for the Rapid Diagnostics
of SARS-CoV-2

Researchers demonstrated the
nanoplasmonic on-chip PCR for ultrafast
amplification  and in-situ cyclic  real-time
quantification of lambda DNA and E gene as
a target for SARS-CoV-2 by alternating the
WLED illumination and the fluorescence
detection. In this process, nanoplasmonic
photothermal modulation of the NPS allowed
rapid and efficient thermal cycling inside
microfluidic channels of the PF-PCR
chip. Further, the researchers tested the
device on a piece of DNA containing a SARS-
CoV-2 gene, accomplishing 40 heating and
cooling cycles and fluorescence detection in
only 5 minutes, with an additional 3 minutes
for sample loading (Figure 2) [9]. They
showed that by adding a step of the reverse
transcriptase prior to sample loading, the
entire testing time with the new method was
drastically reduced to 10-13 minutes
compared to about an hour for typical RT-
PCR testing [9].

It was shown that both the
nanoplasmonic heating and the thin sample
confinement resulted in uniform vertical
distribution of photothermal heat in a small
volume for rapid and efficient thermal cycling.
The vacuum-enabled PF-PCR chip of
bilayered PDMS configuration not only
allowed spontaneous and rapid sample
loading without trapped microbubbles but it
also helped maintain stable reaction during
the full PCR cycles [9]. The real-time on-chip
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PCR was shown to exhibit the ultrafast 40 efficiency over 91% [9]. The new device
cycle amplification of A-DNA for 264 s and could pave the way to many opportunities for
SARS-CoV-2 for 306 s as well as the in- rapid POC diagnostics during the pandemic
situ quantification of amplicons with high [9].
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Figure 2: A schematic illustration of ultrafast and real-time detection of SARS-CoV-2 envelope
protein. (a) Plasmid for the expression of SARS-CoV-2 envelope (E) protein as positive control
is shown. (b) Amplification curves of the E gene are shown that use the PF-PCR chip for 40
cycles of two-step PCR (60-95 °C) within 326 s. (c) Standard curves of benchtop qPCR and
nanoplasmonic on-chip PCR are shown for the cycle threshold depending on the DNA
concentration. (d) Comparative performance factors are illustrated for benchtop qPCR, benchtop
fast gPCR, and nanoplasmonic on-chip PCR, based on run time for PCR 40 cycles, heating rate,
cooling rate, and amplification efficiency [Source: ACS Nano (2021)].

Concluding Remarks Especially, the technology that involves on-

. o _ chip PCR for POC diagnostics is anticipated
The latest advances in rapid diagnostics of to impact the field of diagnostics of highly
COVID-19 offer new frontiers to mitigate the contagious viral diseases in the near future.

challenges posed by the pandemic.
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