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Title: ULTRAVIOLET QUANTITATIVE LABEL-FREE DETECTION OF DNA AMPLIFICATION

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority of US provisional patent No. 62/779,132 filed on
December 13, 2018, the specification of which is hereby incorporated by reference in its entirety.

BACKGROUND
(a) Field
[0002] The subject matter disclosed generally relates to methods and systems for amplifying

nucleic acid molecules and quantifying amplification thereof. More specifically, the subject matter
disclosed relates to methods and systems for amplifying nucleic acid molecules and quantifying
amplification thereof with plasmonic heating and quantification of amplification with UV light
transmission.

(b) Related Prior Art

[0003] DNA amplification technologies such as the polymerase chain reaction (PCR) and loop
mediated amplification (LAMP) are methods widely used in molecular biology to make multiple copies of
a specific DNA segment. Using PCR or LAMP, a single copy (or more) of a DNA sequence is
exponentially amplified to generate thousands to millions of more copies of that particular DNA
segment. For example, PCR is now a common and often indispensable technique used in medical
laboratory and clinical laboratory research for a broad variety of applications including biomedical
research and criminal forensics. Traditional PCR instruments commonly uses heating elements referred
to as the Peltier block or element and relies on the contact of the sample tubes with the heating block to

provide heating and cooling to the sample.

[0004] The advantages of Peltier elements are that the technology is well understood,
thoroughly tested, and Peltier elements are readily available of-the-shelf at a low cost. One
disadvantage of Peltier modules for use in PCR is that they are relatively slow when working with
microliter reaction volumes, as the entire Peltier element, heat spreader and reaction sample's
temperature must be changed at each cycle. The use of a water bath in conjunction with a robotic arm
can be used to speed up the process. This, however, will increase cost, complexity and is certainly not a
portable system. Moving to direct non-contact methods, such as plasmonic PCR, which rely on
electromagnetic radiation as the mechanism for heat transfer, can potentially address the shortcomings
of contemporary PCR machines. One caveat of these non-contact methods of heating is that the wall-
plug efficiency is typically not 100%. As an example, lasers have a wall plug efficiency of about 40-50%.
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[0005] DNA and other nucleic acids are regularly quantitated with PCR. Fluorescent labels can
be added directly into the PCR mix to measures its fluorescent signal at each cycle. Fluorescent DNA-
intercalating dyes such as ethidium bromide and SYBR™/pico™ green are a simple and straightforward
compound, which can be used in quantitative PCR (qPCR). In fact, the first gPCR assays employed
ethidium bromide as a detection mechanism, as it also binds the double stranded DNA produced during
amplification. However, concerns over safety and sensitivity of ethidium bromide led to the use of
alternative fluorescent intercalating dyes, including SYBR™/pico™ Green dye, in the qPCR reaction.
Like ethidium bromide SYBR™/Pico™ Green preferentially binds to double-stranded DNA, but with a
much greater affinity. The use of SYBR™ green and pico green has improved the sensitivity of detection
meaning that fewer PCR cycles are required. These dyes are also far more quantitative, as the emission
of fluorescence is directly proportional to the amount of PCR product generated. However, these dyes
are costly and need to perpetually be added to the reaction mixture. Therefore, doing away with the

addition of fluorescent labels would be advantageous.

[0006] Therefore, there is a need for methods of quantitating the production of DNA during DNA
amplification reaction, or mitigating the disadvantages of currently existing methods for quantitating the

production of DNA during DNA amplification reaction.

SUMMARY

[0007] According to an embodiment, there is provided a method of amplifying a nucleic acid
molecule and quantify amplification thereof, with a polymerase chain reaction (PCR) or a loop-mediated
isothermal amplification (LAMP), through bulk heating a biological enzymatic reaction mixture in solution

containing

¢ anucleic acid template,

e apolymerase enzyme, and

+ chemically modified nanoparticles comprising nanorods of metal, having photo-thermal properties, to
promote the PCR or the LAMP, comprising:

a) irradiating the chemically modified nanoparticles with an activation light beam from a continuous
wave laser to provide excitation for a period of time to activate the photo-thermal properties of
the chemically modified nanoparticles, such that the chemically modified nanoparticles release
heat sufficient to provide the heating to the whole reaction mixture in solution and promote the
PCR or the LAMP, and

b) irradiating the biological enzymatic reaction mixture, during an annealing step, an elongation
step, or both, with an ultraviolet (UV) light source and measuring a transmission change in UV

light transmission therefrom to quantify amplification of the nucleic acid template, wherein the
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irradiating is for a duration and at an intensity sufficient to measure a free nucleotide
concentration therein, while avoiding inhibition of amplification of the nucleic acid molecule.

[0008] The PCR may be a reverse transcriptase (RT) PCR, or the LAMP may be a RT LAMP.
[0009] The metal may be selected from the group consisting of Au, Ag, Pd, Pt, Fe, Cu, Al, and
Zn.

[0010] The metal may be gold.

[0011] The nanoparticles may be gold nanorods.

[0012] The photo-thermal properties may comprise a localized plasmon resonance at a surface

of the chemically modified nanoparticles, and the activation light beam has a wavelength corresponding
to the localized plasmon resonance.

[0013] The chemically modified nanoparticles may be chemically modified by a chemical
compound that prevents the inhibition of an active site of the polymerase enzyme.

[0014] The chemical compound that prevents the inhibition of the active site of the polymerase

enzyme may be polyethylene glycol.

[0015] The step of irradiating may comprise adjusting a power of the activation light beam to
regulate temperature of the biological enzymatic reaction mixture in solution through controlled heat

release from the chemically modified nanoparticles.
[0016] The continuous wave laser may be a compact laser.

[0017] The compact laser may be a fibre-coupled laser, a vertical-cavity surface-emitting laser
(VCSEL), or a combination thereof.

[0018] The compact laser may be a VCSEL.

[0019] The activation light beam from the compact laser may be provided from a distance of < 5
mm from the biological enzymatic reaction mixture.

[0020] The activation light beam from the compact laser may be provided from a distance of

from about 1 mm to about 5 mm from the biological enzymatic reaction mixture.

[0021] The activation light beam from the compact laser may be provided from a distance of

from about 3 mm to about 5 mm from the biological enzymatic reaction mixture.

[0022] The activation light beam from the compact laser may be provided from a distance of

about 5 mm from the biological enzymatic reaction mixture.
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[0023] The method may further comprise a step of monitoring the bulk heating.

[0024] The monitoring the bulk heating may be performed with an infrared thermometer.

[0025] The monitoring may be during annealing step.

[0026] The monitoring may be during the elongation step.

[0027] The duration may be from about 10 ms to about 1000 ms, preferably 30 ms.

[0028] The intensity may be from about 0.5 to about 1 mW.

[0029] The UV light source may emit light having a wavelength of from about 175 nm to about
350 nm.

[0030] The UV light source may emit light having a wavelength of from about 240 nm to about
350 nm.

[0031] The UV light source may emit light having a wavelength of from about 260 nm to about
280 nm.

[0032] The UV light source may comprise a plurality of UV light source, configured to irradiate a

plurality of nucleic acid sample.

[0033] The transmission change in UV light transmission may be measured with a
photodetector.
[0034] The UV light from the UV light source may be focused through an optical lense, a light

pipe, or a combination thereof.

[0035] The UV light from the UV light source may be focused through a light pipe onto the
photodetector.

[0036] The method may be performed in real-time.

[0037] According to another embodiment, there is provided a system for performing a

polymerase chain reaction (PCR) or a loop-mediated isothermal amplification (LAMP) of a nucleic acid

molecule and quantify amplification thereof, the system comprising:

a) atleast one nucleic acid sample containing
e anucleic acid template,
e apolymerase enzyme, and

e chemically modified nanoparticles comprising nanorods of metal, having photo-thermal
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properties, to promote the PCR or the LAMP;

b) a thermal cycler in thermal communication with the at least one nucleic acid sample;

¢) a continuous wave laser configured to irradiate the at least one nucleic acid sample and provide
excitation for a period of time to activate the photo-thermal properties of the chemically modified
nanoparticles;

d) an ultraviolet (UV) light source configured to irradiate the at least one nucleic acid sample;

e) a photodetector configured to measure the transmission changes in UV light absorbance from
the at least one nucleic acid sample,

f) a processor for analyzing the change transmission changes in UV light transmission and

quantify amplification of the nucleic acid template.

[0038] The UV light source may be a UV light emitting diode (LED).

[0039] The UV light source may emit light having a wavelength of from about 175 nm to about
350 nm.

[0040] The UV light source may emit light having a wavelength of from about 240 nm to about
350 nm.

[0041] The UV light source may emit light having a wavelength of from about 260 nm to about
280 nm.

[0042] The system may comprise a plurality of UV light source, configured to irradiate a plurality

of nucleic acid sample.

[0043] The system may comprise a plurality of photodetector, configured to measure

absorbance from a plurality of nucleic acid sample.

[0044] The UV light from the UV light source may be focused through an optical lense, a light

pipe, or a combination thereof.

[0045] The UV light from the UV light source may be focused through a light pipe onto the
photodetector.

[0046] The metal may be selected from the group consisting of Au, Ag, Pd, Pt, Fe, Cu, Al, and
Zn.

[0047] The metal may be gold.

[0048] The nanoparticles may be gold nanorods.
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[0049] The photo-thermal properties may comprise a localized plasmon resonance at a surface
of the chemically modified nanoparticles, and the activation light beam has a wavelength corresponding

to the localized plasmon resonance.

[0050] The chemically modified nanoparticles may be chemically modified by a chemical

compound that prevents the inhibition of an active site of the polymerase enzyme.

[0051] The chemical compound that prevents the inhibition of the active site of the polymerase

enzyme may be polyethylene glycol.

[0052] The system may further comprise a thermometer for monitoring bulk heating of the at

least one nucleic acid sample.

[0053] The thermometer may be an infrared thermometer.
[0054] The continuous wave laser may be a compact laser.
[0055] The compact laser may be a fibre-coupled laser, a vertical-cavity surface-emitting laser

(VCSEL), or a combination thereof.
[0056] The compact laser may be a VCSEL.

[0057] The activation light beam from the compact laser may be provided from a distance of <5

mm from the biological enzymatic reaction mixture.

[0058] The activation light beam from the compact laser may be provided from a distance of

from about 1 mm to about 5 mm from the biological enzymatic reaction mixture.

[0059] The activation light beam from the compact laser may be provided from a distance of
from about 3 mm to about 5 mm from the biological enzymatic reaction mixture.

[0060] The activation light beam from the compact laser may be provided from a distance of

about 5 mm from the biological enzymatic reaction mixture.

[0061] The system may provide real-time information about amplification of the nucleic acid
template.

[0062] The PCR may be a reverse transcriptase (RT) PCR, or the LAMP may be a RT LAMP.
[0063] According to another embodiment, there is provided a method of amplifying a nucleic

acid molecule, with a polymerase chain reaction (PCR) or a loop-mediated isothermal amplification

(LAMP), through bulk heating a biological enzymatic reaction mixture in solution containing
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¢ anucleic acid template,

e apolymerase enzyme, and

¢ chemically modified nanoparticles comprising nanorods of metal, metallic coated organic

nanotubes, or a combination thereof, having photo-thermal properties, to promote the PCR or

the LAMP, comprising:

a)

[0064]

b)

irradiating the chemically modified nanoparticles with an activation light beam from a
compact continuous wave laser to provide excitation for a period of time to activate the
photo-thermal properties of the chemically modified nanoparticles, such that the chemically
modified nanoparticles release heat sufficient to provide the heating to the whole reaction
mixture in solution and promote the PCR or the LAMP.

The method may further comprise step b):

quantify amplification by irradiating the biological enzymatic reaction mixture, during an
annealing step, an elongation step, or both, with an ultraviolet (UV) light source and
measuring a transmission change in UV light transmission therefrom to quantify amplification
of the nucleic acid template, wherein the irradiating is for a duration and at an intensity
sufficient to measure a free nucleotide concentration therein, while avoiding inhibition of

amplification of the nucleic acid molecule;

wherein the chemically modified nanoparticles are nanorods of metal.

[0065]

The metallic coated organic nanotubes may be selected from the group consisting of

carbon nanotubes coated with a metal and multiwalled carbon nanotubes coated with or decorated with

a metal.

[0066]
Zn.

[0067]
[0068]
[0069]

The metal may be selected from the group consisting of Au, Ag, Pd, Pt, Fe, Cu, Al, and

The metal may be gold.
The nanoparticles may be gold nanorods.

The photo-thermal properties may comprise a localized plasmon resonance at a surface

of the chemically modified nanoparticles, and the activation light beam has a wavelength corresponding

to the localized plasmon resonance.

[0070]

The chemically modified nanoparticles may be chemically modified by a chemical

compound that prevents the inhibition of an active site of the polymerase enzyme.
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[0071] The chemical compound that prevents the inhibition of the active site of the polymerase

enzyme may be polyethylene glycol.

[0072] The step of irradiating may comprise adjusting a power of the activation light beam to
regulate temperature of the biological enzymatic reaction mixture in solution through controlled heat

release from the chemically modified nanoparticles.

[0073] The compact continuous wave laser may be a fibre-coupled laser, a vertical-cavity

surface-emitting laser (VCSEL), or a combination thereof.
[0074] The compact laser may be a VCSEL.

[0075] The activation light beam from the compact continuous wave laser may be provided from
a distance of <5 mm from the biological enzymatic reaction mixture.

[0076] The activation light beam from the compact continuous wave laser may be provided from
a distance of from about 1 mm to about 5 mm from the biological enzymatic reaction mixture.

[0077] The activation light beam from the compact continuous wave laser may be provided from

a distance of from about 3 mm to about 5 mm from the biological enzymatic reaction mixture.

[0078] The activation light beam from the compact continuous wave laser may be provided from

a distance of about 5 mm from the biological enzymatic reaction mixture.

[0079] The method may further comprise a step of monitoring the bulk heating.

[0080] The monitoring the bulk heating may be performed with an infrared thermometer.

[0081] The monitoring may be during annealing step.

[0082] The monitoring may be during the elongation step.

[0083] The duration may be from about 10 ms to about 1000 ms, preferably 30 ms.

[0084] The intensity may be from about 0.5 to about 1 mW.

[0085] The UV light source may emit light having a wavelength of from about 175 nm to about
350 nm.

[0086] The UV light source may emit light having a wavelength of from about 240 nm to about
350 nm.

[0087] The UV light source may emit light having a wavelength of from about 260 nm to about
280 nm.
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[0088] The UV light source may comprise a plurality of UV light source, configured to irradiate a

plurality of nucleic acid sample.

[0089] The transmission change in UV light transmission may be measured with a
photodetector.
[0090] The UV light from the UV light source may be focused through an optical lense, a light

pipe, or a combination thereof.

[0091] The UV light from the UV light source may be focused through a light pipe onto the
photodetector.

[0092] The method may be performed in real-time.

[0093] According to another embodiment, there is provided a system for performing a

polymerase chain reaction (PCR) or a loop-mediated isothermal amplification (LAMP) of a nucleic acid

molecule, the system comprising:

a) at least one nucleic acid sample containing
e anucleic acid template,
e a polymerase enzyme, and
e chemically modified nanoparticles comprising nanorods of metal, metallic coated
organic nanotubes, or a combination thereof, having photo-thermal properties, to
promote the PCR or the LAMP;
b) a thermal cycler in thermal communication with the at least one nucleic acid sample; and
c) a compact continuous wave laser configured to irradiate the at least one nucleic acid sample
and provide excitation for a period of time to activate the photo-thermal properties of the
chemically modified nanoparticles.

[0094] The system may further comprise:

d) an ultraviolet (UV) light source configured to irradiate the at least one nucleic acid sample;

e) a photodetector configured to measure the transmission changes in UV light absorbance
from the at least one nucleic acid sample, and

f) a processor for analyzing the change transmission changes in UV light transmission and
quantify amplification of the nucleic acid template;

wherein the chemically modified nanoparticles are nanorods of metal,
for quantifying amplification of the nucleic acid.

[0095] The UV light source may be a UV light emitting diode (LED).
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[0096] The UV light source may emit light having a wavelength of from about 175 nm to about
350 nm.
[0097] The UV light source may emit light having a wavelength of from about 240 nm to about
350 nm.
[0098] The UV light source may emit light having a wavelength of from about 260 nm to about
280 nm.
[0099] The system may comprise a plurality of UV light source, configured to irradiate a plurality

of nucleic acid sample.

[00100] The system may comprise a plurality of photodetector, configured to measure
absorbance from a plurality of nucleic acid sample.

[00101] The UV light from the UV light source may be focused through an optical lense, a light
pipe, or a combination thereof.

[00102] The UV light from the UV light source is focused through a light pipe onto the
photodetector.
[00103] The metallic coated organic nanotubes may be selected from the group consisting of

carbon nanotubes coated with a metal and multiwalled carbon nanotubes coated with or decorated with

a metal.

[00104] The metal may be selected from the group consisting of Au, Ag, Pd, Pt, Fe, Cu, Al, and
Zn.

[00105] The metal may be gold.
[00106] The nanoparticles may be gold nanorods.

[00107] The photo-thermal properties may comprise a localized plasmon resonance at a surface
of the chemically modified nanoparticles, and the activation light beam has a wavelength corresponding

to the localized plasmon resonance.

[00108] The chemically modified nanoparticles may be chemically modified by a chemical

compound that prevents the inhibition of an active site of the polymerase enzyme.

[00109] The chemical compound that prevents the inhibition of the active site of the polymerase

enzyme may be polyethylene glycol.

[00110] The system may further comprise a thermometer for monitoring bulk heating of the at
10
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least one nucleic acid sample.
[00111] The thermometer may be an infrared thermometer.

[00112] The compact continuous wave laser may be a fibre-coupled laser, a vertical-cavity

surface-emitting laser (VCSEL), or a combination thereof.
[00113] The compact laser may be a VCSEL.

[00114] The activation light beam from the compact laser may be provided from a distance of <5

mm from the biological enzymatic reaction mixture.

[00115] The activation light beam from the compact laser may be provided from a distance of
from about 1 mm to about 5 mm from the biological enzymatic reaction mixture.

[00116] The activation light beam from the compact laser may be provided from a distance of

from about 3 mm to about 5 mm from the biological enzymatic reaction mixture.

[00117] The activation light beam from the compact laser may be provided from a distance of

about 5 mm from the biological enzymatic reaction mixture.

[00118] The system may provide real-time information about amplification of the nucleic acid
template.
[00119] In the method of the present invention, the PCR may be a reverse transcriptase (RT)

PCR, or the LAMP may be a RT LAMP.

[00120] IN the system of the present invention, PCR may be a reverse transcriptase (RT) PCR,
or the LAMP may be a RT LAMP.

[00121] The following terms are defined below.

[00122] The term “nucleic acid” is intended to mean the biopolymers, or small biomolecules,
essential to all known forms of life. The term nucleic acid is the overall name for DNA and RNA. They
are composed of nucleotides, which are the monomers made of three components: a 5-carbon sugar, a
phosphate group and a nitrogenous base (adenine, thymine, guanine and cytosine). If the sugar is a
compound ribose, the polymer is RNA (ribonucleic acid); if the sugar is derived from ribose as
deoxyribose, the polymer is DNA (deoxyribonucleic acid). As used herein, the term is meant to
encompass all forms of nucleic acid that may be used or that may be obtained for use in a PCR or
LAMP reaction. This includes genomic DNA, RNA, mRNA, rRNA, reversed transcribed RNA, cDNA.

11
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[00123] The terms “polymerase chain reaction” or “PCR” are intended to mean the method used
in molecular biology to make multiple copies of a specific DNA segment. Using PCR, a single copy (or
more) of a DNA sequence is exponentially amplified to generate thousands to millions of more copies of
that particular DNA segment. It may be combined with a reverse transcription step to allow the detection
of RNA (i.e. RT-PCR).

[00124] The terms “loop mediated isothermal amplification” or “LAMP” is a single tube technique
for the amplification of DNA. In contrast to the PCR in which the reaction is carried out with a series of
alternating temperature steps or cycles, isothermal amplification is carried out at a constant
temperature, and does not require a thermal cycler. It may be of use to detect certain diseases. It may
be combined with a reverse transcription step to allow the detection of RNA.

[00125] The terms “power conversion efficiency” or “wall plug efficiency” of a laser are intended

to mean the ratio between its optical output power to consumed electrical input power.

[00126] The term “slope efficiency” is intended to mean a slope of the curve obtained by plotting

the laser output versus the pump power.

[00127] Features and advantages of the subject matter hereof will become more apparent in light
of the following detailed description of selected embodiments, as illustrated in the accompanying
figures. As will be realized, the subject matter disclosed and claimed is capable of modifications in
various respects, all without departing from the scope of the claims. Accordingly, the drawings and the
description are to be regarded as illustrative in nature, and not as restrictive and the full scope of the

subject matter is set forth in the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[00128] Further features and advantages of the present disclosure will become apparent from

the following detailed description, taken in combination with the appended drawings, in which:
[00129] Fig. 1 illustrates the molecular structure of polyethylene glycol.

[00130] Fig. 2 illustrates gel electrophoresis for PCR reactions performed in the presence of
MWCNT and PEGylated MWCNT (1x represents 1g/L, 0.5x represents 0.5g/L and so on).

[00131] Fig. 3 illustrates gel electrophoresis for PCR reactions performed in the presence of

Gold Nanorods (1x represents 1nM, 1/2x represents 0.5nM and so on).

[00132] Fig. 4 illustrates gel electrophoresis for PCR reactions performed in the presence of
PEGylated Gold Nanorods (5x represents 5nM, 10x represents 10nM and so on).

12
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[00133] Fig. 5 illustrates heating curve of gold nanorods and MWCNT.

[00134] Fig. 6 illustrates the fraction of light absorbed as a function of length.

[00135] Fig. 7 illustrates a diagram of a system according to an embodiment of the present
invention.

[00136] Fig. 8 illustrates a system according to an embodiment of the present invention.

[00137] Fig. 9 illustrates the effect of delay on on-off control systems, plotted for temperature as

a function of time.

[00138] Fig. 10 illustrates the effect of delay on proportional control systems, plotted for

temperature as a function of time.

[00139] Fig. 11 illustrates a system heating curve for 35 PCR cycles, according to an

embodiment of the present invention.
[00140] Fig. 12 illustrates the validity of Linear Approximation.

[00141] Fig. 13 illustrates a gel electrophoresis of PCR reactions performed with varying

denaturing temperatures from 79°C to 90°C.

[00142] Fig. 14 illustrates a gel electrophoresis of PCR reactions performed with varying
denaturing temperatures from 82°C to 94°C.

[00143] Fig. 15A illustrates a gel electrophoresis of PCR reactions performed with varying
denaturing temperatures from 52°C to 62°C.

[00144] Fig. 15B illustrates a gel electrophoresis of PCR reactions performed with varying

denaturing temperatures from 60°C to 66°C.

[00145] Fig. 16 illustrates a gel electrophoresis with varying starting DNA concentrations, each
number represents the copies of DNA per 20ul i.e. 10" represents 10" DNA copies per 20pL.

[00146] Fig. 17 illustrates a gel electrophoresis with varying hold time at optimal PCR
temperatures. n1n2n3 represent holding for n1 seconds at denaturing, n2 seconds at annealing and n3
seconds at elongation (e.g. 555 means 5 seconds for denaturating, 5 seconds for annealing and 5

seconds for elongation).

[00147] Fig. 18A illustrates a gel electrophoresis of PCR reactions performed with annealing time

with annealing temperatures at 60°C.
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[00148] Fig. 18B illustrates a gel electrophoresis of PCR reactions performed with annealing time

with annealing temperatures at 62°C.

[00149] Fig. 18C illustrates a gel electrophoresis of PCR reactions performed with annealing

time with annealing temperatures at 64°C.

[00150] Fig. 19 illustrates a gel electrophoresis of a PCR reaction performed with a small beam
size.

[00151] Fig. 20 illustrates a gel electrophoresis of a PCR reaction performed with a medium
beam size.

[00152] Fig. 21 illustrates a gel electrophoresis of a PCR reaction performed with a large beam
size.

[00153] Fig. 22 illustrates a gel electrophoresis of PCR reactions carried out with varying beam

size, S is a small sized beam, M is a medium sized beam, and L is large sized beam.

[00154] Fig. 23 illustrates a gel electrophoresis of PCR reactions carried out with varying beam

size, S is a small sized beam, and L is large sized beam.

[00155] Fig. 24 illustrates a gel electrophoresis of contact gold nanorods PCR vs conventional
PCR reactions. Lane 1 is Plasmonic PCR, 10* per 20uL CT DNA copies. Lane 2 is conventional PCR
with 10* per 20uL CT DNA copies, with AuNR. Lane 3 is conventional PCR, 104 per 20uL CT DNA
copies, without AuNR. Lane 4 is Plasmonic PCR, 102 per 20uL CT DNA copies. Lane 5 is conventional
PCR, 10° per 20uL CT DNA copies, with AUNR. Lane 6 is conventional PCR, 10° per 20uL CT DNA
copies, without AuNR.

[00156] Fig. 25 illustrates a gel electrophoresis with varying dNTP concentration; dNTP
concentration of lane 1 is standard 250uM, lane 2 is 125uM, lane 3 is 62.5uM, lane 4 is 31.25uM, lane 5
is 15.625 uM, and lane 6 is with standard 250uM and no DNA template.

[00157] Fig. 26 illustrates the spectroscopy of varying dNTP concentrations.

[00158] Fig. 27 illustrates a gel electrophoresis of PCR reactions carried out with varying
exposure time, pre-PCR of 260nm UV-LED 0.5mW for Os, 5s, 10s, 20s, 40s, 80s, 160s, 320s.

[00159] Fig. 28 illustrates a gel electrophoresis of PCR reactions carried out with varying
exposure time, post-PCR of 260nm UV-LED 0.5mW for Os, 5s, 10s, 20s, 40s, 80s, 160s, 320s.

[00160] Fig. 29 illustrates a confirmation gel electrophoresis of PCR reactions carried out and UV

measured according to an embodiment of the present invention.
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[00161] Fig. 30 illustrates the UV relative intensity vs cycle plot of PCR reactions performed with
different starting DNA concentrations, and measured according to an embodiment of the present
invention.

[00162] Fig. 31 is a visual representation of both probe annealing and cleavage occurring during

a PCR reaction.

[00163] Fig. 32 illustrates real-time UV monitoring at denaturation, annealing and elongation

stages of a (a) positive PCR, and (b) negative-No DNA template-PCR.

[00164] Fig. 33 illustrates real-time UV monitoring using different final concentrations of dNTPs;
125uM, 62.5uM, 31.25uM.

[00165] Fig. 34 illustrates real-time UV monitoring of reaction mixture only gold nanoparticles
and PCR buffer.

[00166] Fig. 35 illustrates real-time UV monitoring of a LAMP reaction mixture of a dilution series
of E. coli HO157 serotype for shigella toxin 2 (stx2) gene.

[00167] Fig. 36 illustrates a vertical-cavity surface-emitting lasers (VCSEL)-based PCR

thermocycler according to an embodiment of the present invention.

[00168] Fig. 37 illustrates the electro-optical characteristics of a VCSEL used in a VCSEL-based

PCR thermocycler according to an embodiment of the present invention.

[00169] Fig. 38 illustrates the 5 mm VCSEL-tube distance layout.

[00170] Fig. 39 illustrates the 3W power received at the photodetector with no loss.

[00171] Fig. 40 illustrates the 20mm VCSEL-tube distance layout.

[00172] Fig. 41 illustrates that 17.7% of the VCSEL 3W power received at the photodetector.
[00173] Fig. 42 illustrates the laser light contacting the enzymatic reaction mixture in a tube (top)

and the laser light confinement on the surface of the tube with 10mm distance from the VCSEL
(bottom).

[00174] Fig. 43 illustrates that there is no waveguide effect with 3mm VCSEL-tube distance.

[00175] Fig. 44 illustrates the VCSEL-based thermocycling curve of 30 cycles in sub ten-minute,

according to an embodiment of the present invention.
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[00176] Fig. 45 illustrates gel electrophoresis image for comparing plasmonic and conventional
PCR assay. S1: Plasmonic-Negative Control (No DNA; S2: Plasmonic-Negative Control (No
Polymerase); S3: Conventional-Negative Control (No DNA); S4: Conventional-Positive Control; and S5:

Plasmonic-Positive Control.

[00177] Fig. 46 illustrates gel electrophoresis image for comparing plasmonic entional PCR

assay conditions. Sample legend may be found in Table 7.

[00178] Fig. 47 illustrates a UV monitoring system with a light pipe according to an embodiment

of the present invention.

[00179] Fig. 48 illustrates the irradiance view at the photodetector from a simulation of system
with a light pipe according to an embodiment of the present invention, and showing that 94.7% of UV

LED light power reaches the PD with a light pipe.

[00180] It will be noted that throughout the appended drawings, like features are identified by like

reference numerals.

DETAILED DESCRIPTION

[00181] In embodiments there is disclosed a method of amplifying a nucleic acid molecule and
quantify amplification thereof, with a polymerase chain reaction (PCR) or a loop-mediated isothermal
amplification (LAMP), through bulk heating a biological enzymatic reaction mixture in solution. The
biological enzymatic reaction mixture contains a nucleic acid template, a polymerase enzyme, and
chemically modified nanoparticles comprising nanorods of metal, having photo-thermal properties, to
promote the PCR or the LAMP.

[00182] The method comprises the steps of:

a) irradiating the chemically modified nanoparticles with an activation light beam from a continuous
wave laser to provide excitation for a period of time to activate the photo-thermal properties of
the chemically modified nanoparticles, such that the chemically modified nanoparticles release
heat sufficient to provide the heating to the whole reaction mixture in solution and promote the
PCR or the LAMP, and

b) irradiating the biological enzymatic reaction mixture, during an annealing step, an elongation
step, or both, with an ultraviolet (UV) light source and measuring a change in UV light
transmission therefrom to quantify amplification of the nucleic acid template, wherein the
irradiating is for a duration and at an intensity sufficient to measure a free nucleotide

concentration therein, while avoiding inhibition of amplification of the nucleic acid molecule.
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[00183] In accordance with another embodiment, there is disclosed a method of amplifying a
nucleic acid molecule, with a polymerase chain reaction (PCR) or a loop-mediated isothermal
amplification (LAMP), through bulk heating a biological enzymatic reaction mixture in solution containing
a nucleic acid template, a polymerase enzyme, and chemically modified nanoparticles comprising
nanorods of metal, metallic coated organic nanotubes, or a combination thereof, having photo-thermal
properties, to promote the PCR or the LAMP, comprising irradiating the chemically modified
nanoparticles with an activation light beam from a compact continuous wave laser to provide excitation
for a period of time to activate the photo-thermal properties of the chemically modified nanoparticles,
such that the chemically modified nanoparticles release heat sufficient to provide the heating to the

whole reaction mixture in solution and promote the PCR or the LAMP.

[00184] The methods may also include a step of quantifying amplification of the nucleic acid by
irradiating the biological enzymatic reaction mixture, during an annealing step, an elongation step, or
both, with an ultraviolet (UV) light source and measuring a transmission change in UV light transmission
therefrom to quantify amplification of the nucleic acid template, wherein irradiating is for a duration and
at an intensity sufficient to measure a free nucleotide concentration therein, while avoiding inhibition of
amplification of the nucleic acid molecule, wherein the chemically modified nanoparticles are nanorods

of metal.

Ultraviolet light source

[00185] In embodiments, the UV light source may emit light having a wavelength of from about
175 nm to about 350 nm, or having a wavelength of from about 240 nm to about 350 nm, or having a
wavelength of from about 260 nm to about 280 nm. In embodiments, the absorption of nucleic acid at
260nm decreases when going from free floating nucleotide to double stranded DNA. Due to base
stacking of the nucleotide limiting the resonance of the heterocyclic rings. By tracking the changes in
transmission, one can track the process of free-floating nucleotide forming double stranded DNA, and

thus amplicon production.

[00186] According to some embodiments, the UV light source may comprise a plurality of UV

light source, configured to irradiate a plurality of nucleic acid sample.

[00187] Any suitable source of UV light may be used. UV light emitting diodes are well suited for
this task.
[00188] According to another embodiment, the UV light from the UV light source may be focused

through an optical lense, a light pipe, or a combination thereof. The optical lense and light pipe may
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contribute to provide a highly sensitive DNA detection system even for minimal optical intensity changes
at the photodetector.

Heating mechanism and nanoparticles

[00189] The method of heating a DNA template according to embodiments of the invention
generally includes the steps of contacting the reaction mixture containing the DNA template with
nanoparticles having photo-thermal properties, and irradiating the nanoparticles using an activation light
beam activating these photo-thermal properties, such that the nanoparticles release heat sufficient to
provide the desired heating. In effect, instead of using Peltier heaters or infrared lamps to transfer heat
to the vessel containing the reaction mixture, embodiments of the invention use nanoparticles as

“heaters”.

[00190] The nanoparticles may be embodied by any particles of nanometric dimensions capable
to release heat upon optical stimulation. Nanometer-sized particles are often defined as particles with at
least one dimension below 100 nm. Particles not meeting this threshold, but still of a small enough size
to exhibit properties typically associated with nanoparticles, may however still be considered within the
scope of the present invention. The nanoparticles may for example be embodied by nanospheres or
nanorods made of a metal such as gold, silver or the like, carbon nanotubes coated with a metal or
multiwalled carbon nanotubes (MWCNT) coated with or decorated with a metal, and the like. The metal
may for example be Gold (Au), Silver (Ag), Palladium (Pd), Platinum (Pt), Iron (Fe), Copper (Cu),
Aluminum (Al), Zinc (Zn) or the like. Both the dimensions and geometry of a given type of nanoparticles
may have an impact on the associated heating efficiency. In a preferred embodiment, the metal is gold.
In another preferred embodiment, the preferred nanoparticles are gold nanorods. According to
embodiments of the methods and systems of the present invention, the nanoparticles used in
conjunction with UV light sources to perform the quantification should preferably possess minimal UV
absorption properties.

[00191] The expression “photo-thermal properties”, as used herein is meant to refer to the ability
of a given type of nanoparticles to release heat as a result of an optical stimulation, i.e. the irradiation of
these nanoparticles with a light beam having suitable optical characteristics. The photo-thermal
properties may result from various chemical, geometrical or physical characteristics of the nanoparticles.
In one embodiment, the photo-thermal properties include a localized plasmon resonance at a surface of
the nanoparticles, resulting in a “plasmonic heating” effect. This effect is for example observed at the
surface of gold nanoparticles, spherical or having another geometry. Plasmonic heating may also be
observed on gold coated or decorated multiwalled carbon nanotubes. A localized surface plasmon

originates from a strong interaction between gold or silver nanoparticles and excitation light having a
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wavelength which resonates with the surface plasmon. Under excitation by light at the resonance
wavelength a polarized charge build up at the surface of the particle leads to an oscillating dipole
around the particle that exhibits an enhanced absorption and scattering cross section. The resonant
wavelength is determined by the size and geometry of the nanoparticles. The energy of the resonance
of the oscillating dipole is dispersed through Ohmic heating losses to the surrounding medium, raising
its temperature. The energy released can be used to heat a solution rapidly where each particle
becomes a heating element.

[00192] In a preferred embodiment, the photo-thermal properties comprise a localized plasmon
resonance at a surface of the chemically modified nanoparticles, and the activation light beam has a

wavelength corresponding to the localized plasmon resonance.

[00193] In other embodiments, the photo-thermal properties may be any process by in which
energy from light is absorbed by a nanoparticle, leading to an eventual decay resulting in conversion to
heat energy to the surrounding media. Nanoparticles may be mono-dispersion in solution, in direct or

indirect contact with reaction components or immobilized within a polymeric material or glass.

[00194] The contact between the reaction mixture and the nanoparticles may be direct or
indirect. An activation light beam may be used to irradiate the nanoparticles, which therefore release
heat according to their photo-thermal properties. The heat is transferred directly or indirectly to the
reaction mixture. Therefore, the expression “contacting the reaction mixture with nanoparticles” is

understood to refer to providing either direct contact, indirect contact or both at the same time.

[00195] In some embodiments, in particular where the nanoparticles are in direct contact with the
reaction mixture, care should be taken so that the nanoparticles do not interfere with the DNA related
process to be performed. For example, in PCR embodiments, the polymerase may bind to the surface of
the nanoparticles, blocking positive active site by association with a negatively charge particle surface,
and therefore inhibiting the polymerase from performing its function during the DNA amplification
process. In accordance with some embodiments, therefore, the nanoparticles have a surface
modification by a chemical compound such as polyethylene glycol (PEG) or any other chemical

equivalent that prevents the inhibition of a positive active site of polymerase class enzymes.

[00196] One advantage of the surface modification described above is that the resulting
nanoparticles can be used as generic heaters independently of the type of polymerase, size of the
template or template type. Inhibition prevention will apply to any application, avoiding the additional

complication of limiting the application of the method to specific polymerase types.
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[00197] In various embodiments, the dimensions of the nanoparticles may be selected in view of
optimizing the resulting heating efficiency. In various embodiments, other factors can be controlled to
improve heating efficiency of the method. As predicted by the Beer-Lambert law, a higher rod

concentration and shorter path-length will maximize the absorbance of the activation light beam.

[00198] In embodiments, the biological enzymatic reaction mixture is irradiated, during the
annealing step, the elongation step, or both, with an ultraviolet (UV) light source, and the change in UV
light transmission therefrom is measured to quantify amplification of the nucleic acid template. In
embodiments, the irradiating is for a duration and at an intensity sufficient to measure a free nucleotide

concentration therein, while avoiding inhibition of amplification of the nucleic acid molecule.

[00199] There is however a problem with using UV light to monitor PCR product. UVC (100 nm-
280 nm) light is known to damage DNA and exposing DNA to both UVC and UVB (280 nm-315 nm) light
may result in the formation of pyrimidine dimers. Pyrimidine dimers occur when there are two adjacent
thymine base pair in a DNA sequence. Exposure to UV light causes the two thymine base pairs to link
up through covalent bonding. Depending on the covalent bond, the two thymine base pair can form
either a 6-4 product or a cyclobutate. The formation of these pyrimidine dimers causes a kink in the DNA
sequence. Depending on the intensity of the UV radiation and exposure time, dsDNA might not form at
all.

[00200] In embodiments, the monitoring is performed during annealing step, the elongation step,
or during both. The duration is from about 10 ms to about 1000 ms, or the duration may be about 30 ms.

In embodiments, the intensity may be from about 0.5 to about 1 mVWV.

System

[00201] Now referring to Fig. 7. According to another embodiment, there is provided a system 10
for performing a polymerase chain reaction (PCR) or a loop-mediated isothermal amplification (LAMP)

of a nucleic acid molecule and quantify amplification thereof.

[00202] The system 10 comprises at least one nucleic acid sample 12 containing a nucleic acid
template, a polymerase enzyme, and chemically modified nanoparticles comprising nanorods of metal,
metallic coated organic nanotubes, or a combination thereof, having photo-thermal properties, to
promote the PCR or the LAMP.

[00203] The system also comprises a thermal cycler in thermal communication with the at least
one nucleic acid sample. According to an embodiment, the thermal cycler may be any suitable means of
regulating the temperature of the nucleic acid sample, such as a well-known PC-blower fan 20, which is

inexpensive and efficient an increasing the cooling rate.
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[00204] The system of the present invention will also comprise a continuous wave laser 14
configured to irradiate the at least one nucleic acid sample and provide excitation for a period of time to
activate the photo-thermal properties of the chemically modified nanoparticles. The laser 14 may be part
of a light generating assembly allowing a control of optical parameters of the activation light beam such
as the wavelength, optical power, duty cycle in embodiments where the light beam is pulsed, spot size,
etc. Embodiments of continuous wave laser include any suitable continuous wave lasers, and may
include for examples compact lasers, which may be more suitable for use in device for use at the point
of care (POC). Examples of compact laser are fibre-coupled laser and a vertical-cavity surface-emitting
laser (VCSEL), or their combination. Various means of adjusting such parameters are well known in the
art and need not be described here. By way of example, in the illustrated embodiment, the laser 14
generates an activation light beam having a wavelength of 808 nm resonant with a plasmon resonance
of gold nanorods, and a coil-based shutter is provided in a path of the activation light beam 30 before it
reaches the sample. The shutter may for example be used to periodically block the activation light beam
to reduce the average light power reaching the sample. In other embodiments a different mechanism
may be used to control the light power such as for example direct modulation of a laser 14 or LED light
source (such as TTL modulation), use of a modulating device such as an intensity of phase modulator,
etc. Of course, one skilled in the art will readily understand that a number of additional optical
components may be provided in the system depending on particular design considerations, such as
lenses, mirrors, filters, polarizers, amplifiers, and the like without departing from the scope of the present
description.

[00205] The optical parameters of the activation light beam are preferably determined and
controlled in view of the photo-thermal properties of the nanoparticles. By way of example, in one
embodiment the necessary light power to achieve a desired temperature through release of heat from
the nanoparticles can be calculated from theoretical considerations related to plasmonic heating. The
heat released by a given nanoparticle can be evaluated using known equations.

[00206] Time of exposure can also be varied to control the raising of the temperature of the
reaction mixture. As one skilled in the art will readily understand, the intensity of the activation light
beam and the time of exposure are two parameters which can easily be controlled in conjunction to
control the rate at which energy is transferred to the nanoparticles and, consequently, the temperature

of the reaction mixture.

[00207] The wavelength of the activation light beam is another optical property which can be
determined and controlled in view of the photo-thermal properties of the nanoparticles. As mentioned
above, in the case of plasmonic heating, the release of heat by the nanoparticles results from their
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stimulation using light having a wavelength matching the localized plasmon resonance at the surface of
the nanoparticles. Furthermore, in embodiments using light-induced plasmonic heating a wavelength
selectable characteristic can be conferred upon the process of heating. Within the bandwidth of
excitation, heating of a solution can be turned on and off readily, accentuated by greater dispersion of
heat from the solution simply by the presence of nanoparticles within the reaction mixture that should, in
effective combination with a cooling system, lead to rapid temperature transition, hence shorter PCR
cycle times. Carbon nanotubes, in contrast, absorb light into energy levels pertaining to both the semi-
conducting and, if metallic elements are present, energy levels pertaining to the presence of the metals.
The broad absorbance of carbon nanotubes can be explained by many additional transitions possible
from the ground state over the visible and into the near infra-red for the promotion of an electron. The
wavelength of the absorbance pertains to the difference in energy between the ground state and the
excited state. In any case, by choosing, and optionally varying, the wavelength of the excitation light
beam to match a resonance or transition of the absorption spectrum of the nanoparticles, control of the

heat released through the photo-thermal properties may be achieved and/or optimized.

[00208] The distance of the activation light beam provided by the continuous wave laser may
also be modulated. In particular, this parameter may be of importance for compact continuous wave
lasers, such as fibre-coupled laser and a vertical-cavity surface-emitting laser (VCSEL). In some
embodiments, the activation light beam from the compact laser is provided from a distance of < 5 mm
from the biological enzymatic reaction mixture. In other embodiments, the activation light beam from the
compact laser is provided from a distance of from about 1 mm to about 5 mm, or from about 2 to about 5
mm, or from about 3 to about 5 mm, or from about 4 to about 5 mm, or from about 1 mm to about 4 mm,
or from about 2 to about 4 mm, or from about 3 to about 4 mm, or from about 1 mm to about 3 mm, or
from about 2 to about 3 mm, or from about 1 mm to about 2 mm, or about < 5, about < 4, about < 3,
about < 2, about < 1 mm, or, about 5, about 4, about 3, about 2, about 1 mm from the biological
enzymatic reaction mixture. In some embodiments, the activation light beam from the VCSEL is
provided from a distance of < 5 mm from the biological enzymatic reaction mixture. In other
embodiments, the activation light beam from the VCSEL is provided from a distance of from about 1 mm
to about 5 mm, or from about 2 to about 5 mm, or from about 3 to about 5 mm, or from about 4 to about
5 mm, or from about 1 mm to about 4 mm, or from about 2 to about 4 mm, or from about 3 to about 4
mm, or from about 1 mm to about 3 mm, or from about 2 to about 3 mm, or from about 1 mm to about 2
mm, or about < 5, about < 4, about < 3, about = 2, about <1 mm, or, about 5, about 4, about 3, about 2,

about 1 mm from the biological enzymatic reaction mixture.

[00209] According to some embodiments, the system of the present invention may also comprise

an ultraviolet (UV) light source 16 configured to irradiate the at least one nucleic acid sample, as well as
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corresponding photodetector 18 configured to measure the UV light absorbance from the at least one
nucleic acid sample. According to an embodiment, the UV light source 16 is a UV light emitting diode
(LED). The UV light source 16 may emit light having a wavelength of from about 175 nm to about 350
nm, or light having a wavelength of from about 240 nm to about 350 nm, or light having a wavelength of
from about 260 nm to about 280 nm. According to an embodiment, the system may comprise a plurality
of UV light source 16, configured to irradiate a plurality of nucleic acid sample. Along a similar line, the
system may comprise a plurality of photodetector 18, configured to measure absorbance from a plurality

of nucleic acid sample.

[00210] According to another embodiment, a UV light from the UV light source may be focused
through an optical lense, a light pipe, or a combination thereof. In an embodiment, the UV light from the
UV light source may be focused through a light pipe onto the photodetector 18. The optical lense and
light pipe may contribute to provide a highly sensitive DNA detection system even for minimal optical

intensity changes at the photodetector.

[00211] The system of the present invention may include any other component typical of DNA
amplification, extraction or sterilization devices. For example, a fan controller will be included to allow a
control of the activation of the thermal cycling fan. Overall control of the apparatus can be managed
through any appropriate device or combination of devices. In the illustrated embodiment, by way of
example only, a computer provides electrical control signals to the laser, the thermal cycler and UV light
source through an appropriate electrical interface, for example an FPGA circuit board. Also, the
computer can also act as a processor for analyzing the change in UV light transmission and quantify

amplification of the nucleic acid template, according to the present invention.

[00212] According to another embodiment of the present invention, the system of the present
invention may comprise a thermometer for monitoring bulk heating of the at least one nucleic acid

sample. For example, the thermometer may be an infrared thermometer 22.

[00213] In accordance with another embodiment, there is disclosed systems for performing a
polymerase chain reaction (PCR) or a loop-mediated isothermal amplification (LAMP) of a nucleic acid

molecule, the system comprising:

a) atleast one nucleic acid sample containing
e anucleic acid template,

e apolymerase enzyme, and
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¢ chemically modified nanoparticles comprising nanorods of metal, metallic coated organic
nanotubes, or a combination thereof, having photo-thermal properties, to promote the PCR
or the LAMP;
b) a thermal cycler in thermal communication with the at least one nucleic acid sample; and
c) a compact continuous wave laser configured to irradiate the at least one nucleic acid sample
and provide excitation for a period of time to activate the photo-thermal properties of the

chemically modified nanoparticles.

[00214] The system may also further comprise:

d) an ultraviolet (UV) light source configured to irradiate the at least one nucleic acid sample;

e) a photodetector configured to measure the transmission changes in UV light absorbance from
the at least one nucleic acid sample, and

f) a processor for analyzing the change transmission changes in UV light transmission and
quantify amplification of the nucleic acid template;

for quantifying amplification of the nucleic acid,
wherein the chemically modified nanoparticles are nanorods of metal.

Real-time monitoring

[00215] In accordance with one aspect of the invention, the method may include an additional
step of optically monitoring, in real time, the temperature change resulting from heating a reaction
mixture according to embodiments of the invention and quantify the formation of dsDNA based on the
measurement of the free nucleotide concentration in the reaction mixture.

[00216] In accordance with another aspect of the invention, the system may include a
configuration for optically monitoring, in real time, the temperature change resulting from heating a
reaction mixture according to embodiments of the invention and quantify the formation of dsDNA based
on the measurement of the free nucleotide concentration in the reaction mixture.

[00217] According to an embodiment, the reaction mixture is irradiated with UV light during the
annealing step, elongation step, or both, of each cycle of the PCR reaction or LAMP, for a duration and
at an intensity sufficient to measure the free nucleotide concentration therein, while avoiding inhibition of
amplification of the nucleic acid molecule. As indicated above, UV light exposure must be restricted to a
minimal amount of time so as to prevent damaging the DNA and inhibit the PCR of LAMP reaction.
Depending on the intensity of the UV radiation and exposure time, dsDNA might not form at all.
Therefore, in embodiments, the monitoring is performed for a duration of from about 10 ms to about

10000 ms, or the duration may be about 30 ms, each cycle. Also, in embodiments, the intensity may be
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from about 0.5 to about 1 mW, each cycle. The monitoring may be only during the annealing step, only
during the elongation step, during a period overlapping the annealing and elongation step, or during
both the annealing and elongation steps. The collected readings may then be provided to the processor
for analyzing the UV light transmission and provide quantification results of the nucleic acid template in
real time. UV light diodes are significantly cheaper than visible light diodes, such as diodes used for

monitoring of fluorescent dyes such as SYBR™ green.

[00218] Optical properties of nanoparticles can also provide a useful spectroscopic approach for
real time monitoring of the reaction. A change in the temperature of the environment of the
nanoparticles also affects the local dielectric constant, which leads in a drift of the optical properties of
the nanoparticles. By using a probe light beam having a wavelength coordinated with a different
absorption feature than the one used for heat release, this drift can be measured, therefore monitoring
the corresponding temperature change, by interrogating the nanoparticle resonance with the probe light

beam and monitoring a change in either the scattering or absorbance at a fixed probe wavelength.

[00219] In some other embodiments, probing nanoparticles having an absorption feature at a
wavelength different from the wavelength used to activate the photo-thermal properties of the
nanoparticles used for heating can be put in contact with the reaction mixture. The heating of the
nanoparticles (e.g. the nanorods) having a localized plasmon resonance as explained above, releasing
heat when irradiated with the activation light beam having a wavelength corresponding to that
resonance, for example at about 532nm or 808nm when considering gold nanorods (both resonant
frequencies can be changed by particle dimension and the dielectric constant of the medium or surface
ligands around them). In an embodiment, the probed nanoparticle may be distinct from the nanoparticle
used for heating of the reaction mixture. Probe nanoparticles, for example gold nanospheres, may be
put in direct contact with the reaction mixture. In another embodiment, the gold nanoparticles (e.g.
nanospheres) may be covalently attached to the primers and DNA template.

[00220] Covalent attachment of primers would result in a great local dielectric shift at the surface
of the gold nanoparticles as amplicons would be confined in close proximity to the gold. The plasmonic
field propagates approximately tens of nanometers from the surface and changes at the surface more
greatly affect the plasmonic shift measured as a red shift of the plasmonic peak. The gold nanospheres
used for sensing production of amplicons would have a resonance, blue shifted from the resonance of
the nanorods used for heating purposes. The probe nanoparticles are irradiated with a monitoring light
beam having a wavelength within the resonance of the gold nanospheres. Return light resulting from the
interaction of the monitoring light beam with the monitoring nanoparticles is detected and analyzed. The

intensity of the return light varies according to the degree of absorption of the monitoring light beam by
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the gold nanospheres. As the temperature varies, the resonance of the monitoring nanoparticles shifts,
and the wavelength of the monitoring light beam falls in and out of resonance, changing the degree at
which the monitoring light beam is absorbed.

[00221] In one example, gold probe nanoparticles are covalently linked to the primers through a
thiol linkage added to the 5' end of the primer and linked to the gold through the sulphur atom. As PCR
proceeds through annealing, elongation and denaturation, the dielectric constant around the
nanoparticle will change dynamically, first with the binding of single strand DNA to primers, then with
elongation of the single strand to double strand and finally again with removal of double stranded copy
from particle surface. The stage of the reaction could be monitored similarly to that of SYBR™ green
fluorescence during real time PCR. Using a separate plasmonic resonance for the probe and heating
nanoparticle species, the heating nanoparticles will not interfere with measurement at the probe
wavelength relative to the resonance of the probe nanoparticles. In some embodiments, the probe
nanoparticles may have a spherical geometry and be assess by illumination with white light and
measuring the absorbance using a CCD with a bandpass filter centered around the resonance peak.
The heating nanoparticle species may be gold nanorods as nanorods have greater extinction
coefficients than spherical particles and will produce more heating power per unit of laser power incident

upon the nanoparticles.

[00222] The wavelength used to initiate plasmon resonance is dependent upon the geometry of
the particle. For example, a 532 nm may not represent an optimum combination of laser wavelength and
particle for some applications and can be modified depending on the particles and conditions used. The
high cost of lasers in this spectral range would impact upon the uptake of this method, and light source
costs can be significantly reduced by using a less expensive laser system or a LED and choosing and
designing the nanoparticles accordingly. Heat transfer can be improved by using a particle with a large
absorption cross-section and hence great extinction co-efficient. One combination consists of a 1 W
laser diode at 808 nm and gold nanorods with an absorptivity of 5.96 x 102 M' cm™ at the same
wavelength. This takes advantage of a significant cost reduction and increase in efficiency of heat
generation by nanoparticles and offers the potential for multiple nanoparticle systems that could be
easily multiplexed. In such a system, heating could be accomplished by a class of nanoparticles with a
superior absorption cross-section and another class(es) of nanoparticles modified using primers could
be used as the probe for the reaction, demonstrating binding of new amplicon fragments upon the

particle surface by changing the resonant absorbance and spectral position.

[00223] In other variants, the same nanoparticles used to release heat may be used for optical

monitoring as well. For example, in the case of nanorods, the elongated geometry of the nanoparticles
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results in two distinct surface plasmon resonances, respectively aligned with the longitudinal and
transversal axes of the nanorod. These two resonances interact with light at very distinct wavelengths -
for example, the longitudinal resonance of gold nanorods absorbs light around 808 nm, whereas the
transverse resonance absorbs light around 560 nm, and can be used as the monitoring resonance.

[00224] The present invention will be more readily understood by referring to the following
examples which are given to illustrate the invention rather than to limit its scope.

EXAMPLE 1

Nanoparticle Inhibition of PCR

[00225] One of the drawbacks of PCR is that there is a wide range of chemical and biological
substances that prevent PCR from occurring by interacting with one or more PCR components. An
example of a PCR inhibitor is SYBR™ green fluorescent dye, as the intercalation process itself inhibits
the PCR. However, SYBR™ green is still used in quantitative PCR because the inhibition concentration

is higher than the concentration of SYBR™ green required for the fluorescent signal to be measurable.

[00226] PEGylation is the process of coating the nanoparticles with polyethylene glycol (structure
shown in Fig. 1). Experimentally, for some nanoparticles this coating helps prevent inhibition. In PEG
5000, which is used in the present invention, the n in Fig. 1 means that the unit is repeated 5000 times.
In these experiments a typical PCR solution replicating gonorrhea DNA was prepared, using both multi
wall carbon nanotubes (MWCNT) and PEGylated MWCNT with different concentrations. The MWCNT
have an average length of 1 um and an average radius of 30 nm. The solution was then put through
thermal cycling with conventional contact PCR. Inspecting the gel electrophoresis results in Fig. 2, it can

be seen that PEGylation does not increase the inhibition concentration of 0.05 g/L of MWCNT.

[00227] The same experiment was done for gold nanorods purchased from Nanopartz™ with a
radius of 10nm and an aspect ratio of 4:1. The results for the inhibition concentration are shown in Fig.

3. Itis seen that the inhibition concentration for uncoated gold nanorods is around 0.5nM.

[00228] The results for PEGylated gold nanorods are shown in Fig. 4. It is seen that for gold
nanorods, the process of PEGylation with PEG 5000 drastically increased the inhibition concentration,
to approximately 100nM. The exact interaction mechanism of these nanoparticles which inhibit PCR is
not well understood, or which PCR component(s) interact with the nanoparticles to prevent inhibition. A

summary of the inhibition concentration of these nanoparticles is shown in table 1.
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CNT PEGylated CNT AulNR PEGylated AuNR
Inhibition Concentration 0.05g/L 0.05g/L 0.5n)] 100nNI

Table 1: Summary of inhibition concentrations for CNT and gold nanorods.

[00229] Assuming negligible scattering from nanoparticles, eq. (1) gives us the ratio of heating
rate to be:

Ry 1—10h
Ry, 1 — 10122
Eq. 1
[00230] Where Ri, A1, ¢1 are the heating rate, absorbance per unit length concentration, and

concentration of gold nanorods. R2, A2, ¢z are the heating rate, absorbance per unit length

L
concentration, and concentration of MWCNT. Using eq. (1) Az is approximated to be 1.463 Tm We

can thus find the maximum absorbance per unit length for both the MWCNT and gold nanorods before
PCR inhibition.

Maximum OD per unit length for NWCNT = 0.0446

111111

L . o1
Maximum OD per unit length for Gold Nanorods = 3.05
11
[00231] It can be concluded that PEGylaged nanorods can have an absorbance per unit length
68 times higher than both PEGylated and non-PEGylated MWCNT.
EXAMPLE 2
System Justifications
[00232] A system which performs PCR with four main key characteristics is required: energy
efficient, fast, compact, no down-time.
2.1: Heat Generation Mechanism
[00233] Traditional contact heating elements are simple and cheap but at the same time slow

and inefficient. The heating element in addition to the PCR tube and reagent would have to be heated.
Because heat is transferred through convection and conduction, heat loss due to coupling is the other

drawback of contact heating. For non-contact heating, we require a source that is spatially coherent
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enough to couple effectively into with PCR reagents: this requirement can be fulfilled with a laser. To
generate heat with a laser, either a laser in the mid-infrared range could be used or nanoparticles could
be added to the PCR mixture and a laser close to the visible spectrum used. The latter is used in the
form of a laser at 808 nm, and gold nanorods, as they are widely available. Using nanoparticles also
provides the option of tuning the absorption.

[00234] The amount of power absorbed from the laser is typically

T b . T —Te . AN
R([).\ — ]:)[(1,\‘4 \ ( l — ¢ (Tabs scattering )i )
T s T (Tm'ul‘f(‘l'l'llj]

Eq. 2

where N is the particle concentration, and / the optical path length which would also be the inner
diameter of our tube. For a fixed path length, the concentration should be high enough such that most of
the power is absorbed. However, if the concentration becomes much larger relative to the path length,
non-uniform heat distribution would be obtained, which would be detrimental for PCR. In Fig. 6, for a
fixed path length of 10mm, approximately 100 percent of the light absorbed for both the lower
concentration blue curve (absorption per unit length of 0.5 mm-") and the higher concentration, orange
curve (absorption per unit length of 6 mm™). However almost all the light is absorbed in the 1/10 the

length of the tube, giving terrible heat distribution.

[00235] Using nanoparticles allows to always find the optimal concentration for a certain optical
path length. This would not be possible to do relying on water absorption in the infrared or microwave

spectrum, as the absorption per unit length is fixed and cannot be tuned.

[00236] From eq. A and eq. B below, the mass and in turn the volume is to first order
approximation inversely proportional to the heating rate. It would be to one’s advantage to use the
smallest volume possible. However, pipetting becomes a challenge as volumes get smaller. A volume of
20uL was selected as the optimal volume before any challenge in pipetting occurs. This corresponds to

about 20 mg of water. The PCR mixture is contained in a standard Eppendorf polypropylene PCR tube.

P (1 — ) | hs .
- —erp I
hS ! m,.C',.

Tit) =T, +

Eq. A
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Eq.B
2.2: Thermometer
[00237] Small contact thermometers such as thermocouples or thermistors will have the highest

temperature reading accuracy as they are physically in contact with the solution. This however would
mean that the PCR machines will have significant downtime, as after each PCR run, the thermometer
would have to be cleaned thoroughly to prevent cross contamination. This fact alone dictates the use of
an infrared thermometer. The trade-off with infrared thermometers is that although thermal coupling
between a liquid and a solid is quite high, the measured temperature will always be that of the tube but
not of the solution itself. However, this may not be a significant problem, as the margin of error for PCR
temperature is already rather large. The infrared thermometer may be calibrated with a heating block

and thermocouple.

2.3: Cooling

[00238] Although the system of the present invention can be cooled passively as all the
temperature steps for PCR are higher than typical room temperatures, a PC-blower fan is cheap, simple
and drastically increases the cooling rate.

2.4: Real-Time Monitoring

[00239] As a diagnostic device, real-time monitoring of DNA product is the other key aspect of
the system of the present invention. Although nucleic acid stain such as SYBR™ green and PICO™
green can be used, these nucleic acid stain suffers from photobleaching, wherein they permanently lose
their ability to emit light even when excited at the correct wavelength. This is further amplified in laser-

based system such as this one as they are constantly being exposed to a heating laser.

[00240] For the reasons listed above it is believed that the simplest and most effective method is
to measure the transmission of a 260nm, 1mW UV LED which may be performed effectively. The
reason lies in the traditional contact heating mechanism: all contact heating requires a heat spreader.
For the heat spreader to maximize its efficiency it would have to wrap over the entire tube. This however
leaves only the top facet left to be accessed. One would need two facets in the same dimension to
measure UV transmission. This is the other advantage of direct non-contact heating. The diagram of a
system according to the present invention is shown in Fig. 7 and the picture of such a system is shown
in Fig. 8.
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Manufacturer Model Number

Heating Laser Laserglow DS050BXSX
Infrared Thermometer Optris CS LT
Cooling Fan Sanvo Denki 9BNDB12P2IX01
UV LED Thorlabs LED260.J
UV Photodetector Thorlabs PDA25IK

Table 2: Summary of exemplary system's components.

2.5: Control System

[00241] As being able to reach different temperature quickly for different steps of a PCR cycle is
the most important factor, on-off control should be implemented. The disadvantage comes in the form of
oscillation in steady-state. The larger the delay in the response time of the system, the larger this
oscillation will be. This effect is shown in Fig. 9, by applying finite time difference approximation to eq. C
in conjunction with the on-off control algorithm.

o dT 7.
MeClo— = Pl — ey — ST = T,,)
dt Eq. C
[00242] As mentioned before, proportional control is often introduced to dampen the oscillatory

behaviour of the system at equilibrium. The heating system employed in the present invention cannot
truly have proportional control, as the cooling rate is always fixed and cannot be controlled, additionally
the output power is clamped at the maximum power of the laser. The control parameter that is fed into
the laser takes the form:

¢ — D for 1) for ¢ >0
10 for <O

[00243] In Fig. 10, we see that although large K parameters can dampen out the oscillation even
when the delay in the system is large, this causes the equilibrium temperature to be lower than the
actual target temperature of 90°C (see Fig. 10). Experimentally it was found that the delay is small
enough to keep the oscillation of on-off control within 1°C of the target temperature. Due to the
downside associated with proportional control, it is believed that the simple on-off control is most
effective for fast PCR.
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EXAMPLE 3

Heating Data
[00244] The 200uL PCR tubes filled up to 20uL have an average inner diameter of about 3mm,
taking this as the optical path length and using eq. D,

)., = (P, — Doy =D, (1 —cr
(c m {Rn Rmf )’I Rn (1 ( ')],Eq. D

it is predicted that about 82% of the light will be absorbed. The heating curve of the PCR cycle is shown
in Fig. 11. The temperature was held at each stage for 5 seconds. The basic temperature statistics at
each holding stage are summarized in table 3.

Denaturation Annealing Elongation

Target Temperature 90.5°C 61.5°C 71.5°C
Average Temperature 90.7°C 61.8°C 71.6°C
Temperature Fluctuation +0.34°C +0.55°C +0.28°C

Table 3: Temperature statistics at each PCR stage.

[00245] Because the input power is very large, eq. A can be linearly approximated to,

[)in [ — el
(L=,

1 C e

Iri)y=1,+
Eq. 3

[00246] It can be clearly seen from Fig. 11 and Fig.12 that even at the highest temperature range
(72°C to 91°C), our linear approximation is still valid. With 2W of power coming from the laser heating
25mg, eq. (3) predicts that the heating rate should be 19.09°C/s, which is much higher than the
experimental heating rate of 6.12°C/s. This is most likely due to the mass of the polypropylene PCR
tube not being included in the calculations, as it is the temperature of the tube that is being measured. If
the mass of polypropylene is taken into account, mwcw would have to change to

I ppCoy = M Cope = 1150
Eq. 4
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[00247] Where mpp, cpp are the mass of polypropylene and heat capacity of polypropylene

respectively. Hence, with the polypropylene tube the effective water mass becomes mer= 78mg.
EXAMPLE 4
PCR Optimization

4.1: PCR Temperatures

[00248] The temperature range and the efficiency in this range for temperatures at each stage
are next investigated. Fig. 13 and Fig. 14 show the electrophoresis gel image with varying denaturing
temperatures for plasmonic PCR. The temperature was held for 5 seconds at each PCR stage of
denaturing at varying temperatures, annealing at 55°C, and elongating at 72°C for 30 cycles, with as
starting DNA concentration of 10* Chlamydia Trachomatis (CT) DNA copies per 20ul. It can be seen
that the PCR is most efficient at 87°C for the denaturing stage. This is because not enough template
DNAs denature at low denaturing temperatures, while denaturing temperatures too high will

permanently damage the polymerase.

[00249] The annealing temperature was then varied while keeping the denaturing stage at 87°C
and elongating stage at 72°C for 30 cycles. All stages were held for 5 seconds and the resulting
electrophoresis gel image is shown in Figs. 15A-B.

[00250] It can be observed that the optimal annealing temperature is at 62°C. Lower temperature
leads to nonspecific binding, while higher temperature will prevent efficient binding of the primers.

4.2: Limit of Detection

[00251] What is the minimum starting DNA concentration which will allow one to confirm PCR
has occurred? Of course, the answer to this question would depend on what the exact detection method
is. The detection limit for the semi-quantitative method of ethidium bromide gel electrophoresis is for
explored. The starting DNA concentration is varied while keeping the optimal PCR temperatures from
section 4.1, holding for 5 seconds at each stage for 30 cycles. It can be seen that the limit of detection

for ethidium bromide is at 10 DNA copies per 20pL.

4.3: Hold Time Limit

[00252] As having a fast reaction is an important criterion, it was explored if there are any other
parameters that can be changed to have a PCR product in a shorter time. This was investigated by
changing the hold time at each PCR stage and the results are shown in Fig. 17. It can be seen that the
hold time can be reduced to 1 second for both elongating and denaturing stage. However, no visible
PCR product can be observed when the annealing temperature is reduced to 1 second.
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[00253] The annealing temperature was varied from 60°C to 62°C and annealing time. In the gel
electrophoresis results shown in Fig. 18, it can be seen that the hold time could be further reduced by
having a lower annealing temperature. At 60°C the hold time can be reduced to 2 seconds. Although the
band is very faint, PCR technically did occur even with a hold time of 1 second when the annealing
temperature is at 60°C. Increasing the annealing temperature to 64°C requires a longer hold time, as
the band is already very faint at a hold time of 3 seconds. The results are in strong agreement with the
experimental and theoretical data from Mamedov. If one wishes for maximum PCR efficiency, the hold

time would have to be longer for higher annealing temperatures.

[00254] The total PCR hold time follows the simple formula:

tTotalPCR = CyClé’S X (tholdanngal + tholdglungatg + tholddenamrg + (HR + CR)(Tdenature - Tannealing))
Eq. 5

[00255] where thoid anneai, thoid elongate and thoia denature are the annealing hold time, elongation hold
time and denaturing hold time, respectively. Hr, Cr, Tdenawre and Tanneaing are the average cooling rate,
average heating rate, denaturing temperature, and annealing temperature. To optimize the PCR time
and PCR efficiency for the system of the present invention, one would want the annealing temperature
to be around 62°C with a hold time of 3-4 seconds.

4.4: Beam Size

[00256] Next, the beam size was varied to see what effect this would have on our PCR product.
As the total energy absorbed by the PCR mixture is independent of beam size, the same heating rate
and total PCR time was achieved. The beams were varied from a large beam that covers the entire PCR
tube, shown in Fig. 21, to a medium-sized beam that covers approximately 70 percent of it, shown in
Fig. 20 and then finally focused to the smallest possible beam size for the gaussian beam, shown in Fig.
19. The PCR was performed with the optimized parameters with gel electrophoresis results shown in
Fig. 22 and the second experiment with only a small beam and large beam shown in Fig. 23. It can be
seen that if the beam is too small, very poor PCR efficiency is observed. This is most likely due to bad
heat distribution when the beam is focused. Thus, one would want the beam size to be as large as

possible while keeping all of the beam inside the tube.
4.5 Contact Heating vs Non-Contact Heating Efficiency

[00257] Now that the system has been optimized, its PCR efficiency compared to that of the
conventional PCR machines which use contact heating (Eppendorf Mastercycler Nexus Thermal Cycler)

was investigated. The gel electrophoresis results are shown in Fig. 24. It can be seen that the efficiency
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is practically the same for all starting DNA concentrations. For the same hold time at all temperatures,
the plasmonic system of the present invention took around 7 minutes, while the conventional PCR took

39 minutes.
EXAMPLE 5
Real Time Detection
[00258] As shown in Fig. 7, the change in transmission at 260nm is being measured as free

nucleotides are being turned into dsDNA. Using Beer-Lambert's law, the power measured by a
photodetector after the UV-light has traveled through the medium before PCR has occurred follows the

formula:

— (] ~ _l) —HdntpCdntpl
]:)777('(1511 rgdprs ( l ~ [> in € Hdntp©dntp _i— ']J_
Eq. 6

[00259] where Peasured pre is the measured power prior to PCR, L is the loss factor, Pi is the
input power, udanp is the extinction coefficient, cantp is the starting concentration of dNTP, / is the optical
path length and 1 is the noise from detection in the pre PCR measurement of our system. After PCR

has been completed, the measured power would be

Rm‘a-wrmlposp = (1 . A/L)Pm(7(F}zdsdna«'dnszr(_17F)ltdnrp4‘dmp)l + 1

Eq.7

[00260] where F is the fraction of dNTP that has turned into DNA, and n2 is the noise from
detection post PCR. Dividing eq. (7) by eq. (6), and under the assumption of no noise being present in

our system we would have the relative intensity to be

PI‘S[ — («FV’:'dntp(l‘dntp_l‘dsdna )’

Eq. 8
[00261] we can thus track the fraction of dNTP that has been converted to dsDNA by inspecting
the relative intensity. However, taking noise from the detection side into account the relative intensity
becomes
P l ]llf'f‘dntp’—jdntpl ,]2
I‘Plnmsy - + ,]2,7(F“dsd11aedntp+(l_F)“dntpcdntp)l (l _ A,L)Plll ,]_1
prel (1_7’L)Pin
Eq. 9
[00262] The first termin eq. (9), contains the noiseless relative power mixed with noise pre PCR.
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[00263] The effect of noise pre and post PCR can be minimized by maximizing Pi» and having

the loss factor, jL as small as possible.

[00264] To get the largest relative change in intensity, Prei noisiess, One needs to get as much
dNTP to convert to dsDNA as possible, i.e. getting F as close as possible to unity. This can be achieved
by reducing the starting concentration of dNTP. However, reducing the dNTP concentration beyond a
certain threshold will decrease PCR efficiency. By varying the starting concentration of dNTP, the extent
to which dNTP concentration can be reduced without hindering our PCR's efficiency can be
experimentally determined. The gel electrophoresis result of this is shown in Fig. 25. It can be seen that
reduction in PCR efficiency starts to occur at concentrations lower than 62.5uM. This concentration of

dNTP shall be used for the experiments herein.

[00265] To verify the phenomenon summarized in table 4, the spectroscopy of the dNTP
dilutions prior to PCR and post PCR was used; the results are shown in Fig. 26. It can be seen that

because PCR has occurred in the first 5 lanes, there is a significant change in absorption in Fig. 26.

Average Extinction Coefficient at 260 nm

Free Nucleotides 10750 M~ 'em—!
Nucleotides in ssDNA 9675 M~ 'em ™!
Nucleotides in dsDNA 7062 M~ tem™!

Table 4: Change of extinction coefficient of nucleotides in free, ssDNA and dsDNA form

5.1: UV-LED Drawbacks

[00266] As motioned previously, prolonged exposure of DNA to UV light can damage it enough
that the formation of dsDNA is prevented, and thus no primer binding will occur with the damaged DNA.
To determine how long can the solution can be exposed to UV light without it hindering PCR, the
exposure time with the optical power of 0.5mW was exponentially varied from Os to 320s, before PCR
and after PCR with the gel electrophoresis results shown in Figs. 27 and 28. It can be seen that for both
pre and post PCR UV exposure, an exposure time greater than 80s will decrease the PCR yield.
Assuming that one would wish to measure the transmission once every 35 cycles, this tells us that the

exposure time per cycle must not exceed 80s/35 ~ 2.29s.
5.2: Real Time Results

[00267] Real-time monitoring with a dNTP concentration of 62.5uM was performed. The UV-LED

is turned on for 30ms at each cycle. The relative intensity for both a negative PCR with no template

36



WO 2020/118444 PCT/CA2019/051805

DNA and positive full PCR mix with different starting DNA concentration is shown in Fig. 30. Depending
on the starting DNA concentration, the change in relative intensity reduces very slightly for a number of
cycles at the beginning. This could be due to water evaporation in the solution, which causes an
increase in concentration and thus, absorption. The more starting DNA concentration is present in the
PCR mix, the earlier the change from dNTP to dsDNA reaches a detectable level and an exponential
increase in relative intensity can be observed. For example, a positive change in power measured can

be seen at 16 cycles for 108 copies per 20uL.

[00268] Once all the primers in the solution has either been extended to dsDNA or turned into
primer dimers, further thermal cycling does not change the measured power. The point of saturation will
appear earlier for higher starting DNA concentration. In fact, the plot of relative intensity (Fig. 30) is very
similar to the fluorescent curves found in QPCR (Fig. 31). The gel electrophoresis results shown in Fig.

29 further assure us of the UV measurement results.

[00269] At a DNA template concentration of 10° copies per 20uL and lower, the changes in
relative intensity are very similar. It was hypothesized that this is due to most of the primers forming
primer-dimers instead of extending into the template DNA, as the primers are not incorporating into
amplicons because of the low copy number. This hypothesis is confirmed after inspecting the intensity
of the primer-dimer bands bellow our DNA product band in Fig. 29 of concentrations 10° copies per
20uL and less. With the results, the current limit of detection of the present invention appears to be
around 10° copies per 20uL. Using eq. (8), the estimated fraction of dNTP that has been converted to

DNA with different starting DNA concentrations is summarized in table 5.

Template DN A
(Copies/20pL)
F 0.937  0.520 0.785 0.625 0.295 0.191

10° 1OP LO* 107 107 L0

Table 5: Fraction of dNTP converted to dsDNA, with different template DNA concentration.

[00270] Now referring to Fig. 33, which shows real-time UV monitoring using different final
concentrations of dNTPs. It can be seen that monitoring can be performed over a range of concentration

of the dNTPs, with the optimal concentration appears to be about 62.5uM.

[00271] Another critical illustration is referring to Figs. 32 and 34, it can be seen that during the
PCR cycle, real-time UV-monitoring can only be performed during annealing and elongation steps.

Although UV-monitoring can differentiate between single stranded vs. double standard DNA, the
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monitoring at the denaturation stage when only single stranded DNA is present), is not ideal within the
gold nanoparticle mixture. This can be seen by the increasing transmission changes at the denaturation
step during the propagation of the reaction, whereas the transmission of at annealing and elongation
steps are stable (Fig. 34).

[00272] Now referring to Fig. 35, which illustrates the real-time UV monitoring of a LAMP
reaction mixture of a dilution series of E. coli HO157 serotype for shigella toxin 2 (stx2) gene. It can be
seen that during the LAMP amplification, real-time UV-monitoring can also be performed during
annealing and elongation steps. LAMP does involve an annealing and elongation step, but it does not
involve the cycling in the same manner as a PCR reaction. Therefore, in embodiments, UV monitoring of
the LAMP reaction may be performed a predetermined time intervals, such as every minute or less, as
may be necessary and the time of irradiation with the UV-LED may be for a duration from about 10 to

1000ms, with 30 ms being sufficient. Also, the intensity may be from about 0.5 to about 1 mW, each

cycle.
EXAMPLE 6
Point of care (POC) PCR device
[00273] One challenge of a POC PCR device is its power requirement, which may not be

available in many developing world POC locations. In prior art devices, the laser diode system may
have a total power consumption of about 30W, if the optical output power is set at 2W. Also, other
system components will increase the total power consumption. Table 6 below Tableshows the total
dissipated energy for 40-cycle PCR based on the average time intervals (T,y) that laser, fan, UV LED,
and photodetector operate in the system. Thus, one goal is to minimize this dissipated energy to arrive
at a design for a potential portable battery-powered POC PCR device. One solution is to use another
laser with higher power conversion efficiency or slope efficiency. For instance, high optical power
vertical-cavity surface-emitting lasers (VCSEL) have approximately 40% wall plug efficiency, and if the

VCSEL'’s optical output power is 3W, the consumed electrical input power is given by eq. (10).

Optical OutputPower _ 3W _ 5 gy Eq. 11

Power consumptlon (W) ~ wall Plug efficiency 0.4

[00274] If it is assumed that the VCSEL-based plasmonic thermocycler has the same heating
rate as the previous studies, the total dissipated energy for 40 cycles is 25% less than diode laser

system. This power consumption can be further reduced if faster heating rate is achieved.
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Power Total dissipated
Name Supplier | Consumption Ton (S)
Energy (J)
W)
LRD-0808 Collimated |, Gopy 30 306.81 9204.3
Diode Laser System
Thermometer Probe Optris 0.02 664 13.28
12V DC Fan AVNET 30 155.95 4678.5
UV LED Thorlabs 0.001 1.4 0.0014
GaP Switchable Gain
Amplified Detector Thorlabs 5 14 7
Total 65 1129.56 73445
Table 6: Estimated power consumption of real-time plasmonic PCR
6.1: Selection of Laser and its Optimal Positioning
[00275] In the present example, gold nanorods (GNR) are dispersed in PCR reaction mixture,

and are irradiated with a laser at their resonance wavelength. Previous plasmonic thermocyclers cannot
be used as POC devices due to the size of heating lasers and drivers. One way of overcoming this
problem is to use compact lasers. Fibre-coupled laser and free-space VCSEL are preferable over free-
space diode laser systems in the present application due to their compact form factor. The principal
advantage of fibre-based design is the absence of a need for optical alignment and therefore their
flexibility in positioning respective to the sample. Therefore, with the help of fibres, laser source can be
placed far from the thermocycling system, and laser light may be directed easily on the PCR tube. Such
a system with remotely-placed-laser source should require less thermal management, as the dissipated
heat of the laser source will not impact the cooling rate inside the thermocycler. Also, free-space
VCSELs have high coupling efficiency with proper positioning and optical alignment. Since in PCR
procedure the minimum temperature is usually set at about 60°C, the dissipated heat of VCSEL should
be negligible in comparison with the relatively “hot” PCR tube. This makes free-space VCSELs equally
favorable as fibre-coupled lasers in the desired application. However, the only factor which makes fibre-
coupled lasers less practical is the cost due to their packaging, particularly for the case of multi-well
plasmonic PCR which requires efficient coupling of multiple laser arrays to optical fibres. Consequently,
in the present plasmonic thermocycler, the VCSEL is placed as close as possible to the PCR tube, so
that the maximum beam width couples into the PCR tube. Heating in this manner should enhance the

laser light coupling efficiency as well as favor uniform heating inside the PCR reaction tube.
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6.2: Optimal VCSEL Position

[00276] In order to have maximum heating rate, the laser should be placed in an optimal
position, so that all the VCSEL’s optical power couples into the PCR tube. Therefore, the free-space
Gaussian beam propagation is analyzed for two different VCSEL-tube distances using Zemax non-

sequential mode.

[00277] In the first scenario, the laser is placed slightly more than 5 mm below the tube and the
source is modeled such that it has a Gaussian distribution of rays which appear to emanate from a point
source. The beam waist is assumed to be 1.1 mm, which is roughly equal to the emission length of the
VCSEL shown in Fig. 37. The beam waist is located close to point source, so that the distance from the
beam waist to tube is 5 mm. The refractive index of the plastic tube is set to 1.49 with respect to beam
wavelength, and water is considered as the PCR solution inside the tube. In this model, the absorption
and scattering events in PCR solution are ignored since only the optimal VCSEL’s position for better
beam coupling was the main objective. Figs. 37 and 38 shows that the total optical power of VCSEL
(3W with 3.8 amp of continuous forward current) is received at photodetector with 5 mm VCSEL-tube

distance.

[00278] For the second scenario, the VCSEL-tube distance is 20mm (Fig. 40), and it is shown in
Fig. 41 that 82.3% of optical power is lost at detection site due to beam divergence. At a 20mm VCSEL-
tube distance, the PD’s size was reduced intentionally to resemble the water dimensions inside the
tube.

[00279] Moreover, the plastic tube and PCR sample have an approximate refractive index (n,,,)
of 1.49 and 1.33 at 808 nm wavelength respectively. The n,, of water is assigned to PCR mixture since
more than half of PCR sample’s volume is water. As a plastic tube with higher n;_ is between two
media of lower n; = (PCR solution and air), light propagates in the tube wall instead of being coupled
into the PCR sample. Fig. 42, bottom shows the total internal reflections (waveguide effect) on the
surface of tube with 10mm VCSEL-tube distance. This can be avoided by proper positioning of the
VCSEL with respect to tube which is shown in Fig. 29. The tube is not drawn in Fig. 28 and Fig. 29 to
make the ray tracing more visible. Consequently, for the present design, placement of the VCSEL at

about 3 to about 5mm from the tube to enhance coupling efficiency and avoid waveguide effect.

6.3: 30 Cycles Under 10 Minutes

[00280] The thermocycling curve for 30 cycles of PCR amplification using a VCSEL-based

system is shown in Fig. 44. A less than ten-minute amplification time is achieved with the help of a 3W

VCSEL and PEG-GNRs, and the heating and cooling rates of 6.64°C/s and 3.1°C/s respectively. The
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result of this plasmonic platform is compared with a conventional PCR machine (Eppendorf
Mastercycler Nexus™ Thermal Cycler) by running gel electrophoresis. The gel image. Fig. 45 shows
that our VCSEL-based thermal cycler produced the same amount of dsDNA fold change as the
conventional PCR.

6.4: Annealing Hold-time, Cooling Rate, and Fan Speed Optimization

[00281] Samples with the same PCR ingredient’'s concentration were prepared, and different
annealing hold-times, cooling rates, and fan speeds were tested on them. Table shows these different

scenarios.

[00282] Annealing hold-time: S1 to S3 shows that annealing hold-time less than 5s results in
PCR failure. Thus, in all experiments an annealing hold-time for 5s is used.

[00283] Oil Volume: S4 experimented with less oil volume for better heat dissipation during
sample cooling, which results in PCR failure. Volumes between 25 to 50 pl would likely improve

performance.

[00284] Fan speed: The 14V DC fan with maximum air flow of 15.32 CFM and speed of 4400
R.P.M provides cooling rate of 3.1°C/s. As the DC voltage applied to fan is varied, its speed and air flow
also change. Therefore, we applied different fan voltages to increase cooling rates and performed a 40-
cycle PCR on samples from the same PCR stock solution. Sample 5 and 6 in Fig. 46 show that PCR
efficiency is reduced for 16 and 18 fan voltages corresponding to cooling rates of 4.1 and 5°C/s due to
thermal lag between GNRs and PCR liquid and consequently unannealed primers. However, sample 8
shows even with fan at 18V, the PCR was successful by lowering the annealing temperature. This 3°C
drop in annealing temperature allows enough time to GNRs to dissipate heat and primers to anneal, but
high cooling rate with lower annealing temperature is not favorable since running the fan at higher
speed for longer time to reach a lower temperature is required. Finally, for all experiments, a 14V fan, 5s

annealing hold-time, and 50pl mineral oil may be used.
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Cooling . .
sy | et | | e | 2| iy
st 14 5 60 50
s2 14 2.5 60 50
s3 14 > 35 60 50
S4 14 5 60 25
S5 16 4.1 5 60 50
S6 18 5 60 50
s7 18 5 5 63 50
s8 18 5 57 50

Table 7: Experiments on different fan speeds, annealing temperatures, and oil volume
EXAMPLE 7
UV Monitoring with Optical Design Comprising a Light Pipe

[00285] To test for high sensitivity DNA detection, even for minimal optical intensity changes at
PD, a fused silica light pipe may be used. This design is simulated in an optical design program called
Zemax to compare its efficiencies.

[00286] Considering an active area of the PD of 4.8mm?, light pipe with less than 2.5 mm exit
aperture are an appropriate choice to direct light on the PD. However, the entrance aperture depends
on the beam coming out of PCR tube. As shown in Fig. 47, the design simulates uses a 2 mm entrance
and exit aperture fused silica light pipe (e.g. from Edmund Optics™) placed between UV LED and PD,
but after the PCR tube. In Fig. 48, it is shown that 94.7% of UV LED power reaches the PD with a light
pipe.

[00287] While preferred embodiments have been described above and illustrated in the
accompanying drawings, it will be evident to those skilled in the art that modifications may be made
without departing from this disclosure. Such modifications are considered as possible variants
comprised in the scope of the disclosure.
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CLAIMS:

1. A method of amplifying a nucleic acid molecule and quantify amplification thereof, with a

polymerase chain reaction (PCR) or a loop-mediated isothermal amplification (LAMP), through bulk

heating a biological enzymatic reaction mixture in solution containing

e anucleic acid template,

e apolymerase enzyme, and

¢ chemically modified nanoparticles comprising nanorods of metal, having photo-thermal properties, to
promote said PCR or said LAMP, comprising:

a) irradiating said chemically modified nanoparticles with an activation light beam from a
continuous wave laser to provide excitation for a period of time to activate said photo-thermal
properties of said chemically modified nanoparticles, such that said chemically modified
nanoparticles release heat sufficient to provide said heating to the whole reaction mixture in
solution and promote said PCR or said LAMP, and

b) irradiating said biological enzymatic reaction mixture, during an annealing step, an elongation
step, or both, with an ultraviolet (UV) light source and measuring a transmission change in UV
light transmission therefrom to quantify amplification of said nucleic acid template, wherein said
irradiating is for a duration and at an intensity sufficient to measure a free nucleotide

concentration therein, while avoiding inhibition of amplification of said nucleic acid molecule.

2. The method of claim 1, wherein said PCR is a reverse transcriptase (RT) PCR, or said LAMP is
a RT LAMP.
3. The method of claim 1, wherein the metal is selected from the group consisting of Au, Ag, Pd,

Pt, Fe, Cu, Al, and Zn.

4, The method of claim 3, wherein said metal is gold.
5. The method of any one of claims 3 - 4, wherein said nanoparticles are gold nanorods.
6. The method of any one of claims 1 to 5, wherein said photo-thermal properties comprise a

localized plasmon resonance at a surface of the chemically modified nanoparticles, and said activation
light beam has a wavelength corresponding to said localized plasmon resonance.
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7. The method of any one of claims 1 to 6, wherein said chemically modified nanoparticles are
chemically modified by a chemical compound that prevents the inhibition of an active site of said
polymerase enzyme.

8. The method of claim 7, wherein the chemical compound that prevents the inhibition of the active

site of said polymerase enzyme is polyethylene glycol.

9. The method any one of claims 1 to 8, wherein the step of irradiating comprises adjusting a
power of said activation light beam to regulate temperature of said biological enzymatic reaction mixture
in solution through controlled heat release from said chemically modified nanoparticles.

10. The method of any one of claims 1 to 9, wherein said continuous wave laser is a compact laser.

11. The method of claim 10, wherein said compact laser is a fibre-coupled laser, a vertical-cavity
surface-emitting laser (VCSEL), or a combination thereof.

12. The method of claim 10, wherein said compact laser is a VCSEL.

13. The method of any one of claims 10 - 12, wherein said activation light beam from said compact

laser is provided from a distance of <5 mm from said biological enzymatic reaction mixture.

14. The method of claim 13, wherein said activation light beam from said compact laser is provided

from a distance of from about 1 mm to about 5 mm from said biological enzymatic reaction mixture.

15. The method of claim 13, wherein said activation light beam from said compact laser is provided

from a distance of from about 3 mm to about 5 mm from said biological enzymatic reaction mixture.

16. The method of claim 13, wherein said activation light beam from said compact laser is provided
from a distance of about 5 mm from said biological enzymatic reaction mixture.

17. The method of any one of claims 1 to 16, further comprising a step of monitoring said bulk
heating.
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18. The method of claim 17, wherein monitoring said bulk heating is performed with an infrared
thermometer.

19. The method of any one of claims 1 to 18, wherein said monitoring is during annealing step.

20. The method of any one of claims 17 to 18, wherein said monitoring is during said elongation
step.
21. The method of any one of claims 1 to 20, wherein said duration is from about 10 ms to about

1000 ms, preferably 30 ms.

22. The method of claim 20, wherein said intensity is from about 0.5 to about 1 mW.

23. The method of any one of claims 1 - 22, wherein said UV light source emits light having a

wavelength of from about 175 nm to about 350 nm.

24, The method of any one of claims 1 - 22, wherein said UV light source emits light having a
wavelength of from about 240 nm to about 350 nm.

25. The method of any one of claims 1 - 22, wherein said UV light source emits light having a

wavelength of from about 260 nm to about 280 nm.

26. The method of any one of claims 1 - 22, wherein said UV light source comprises a plurality of UV

light source, configured to irradiate a plurality of nucleic acid sample.

27. The method of any one of claims 1 to 26, wherein said transmission change in UV light

transmission is measured with a photodetector.

28. The method of any one of claims 1 to 27, wherein UV light from said UV light source is focused
through an optical lense, a light pipe, or a combination thereof.

29. The method of any one of claims 27 to 28, wherein UV light from said UV light source is focused

through a light pipe onto said photodetector.

30. The method of any one of claims 1 to 31, wherein said method is performed in real-time.
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A system for performing a polymerase chain reaction (PCR) or a loop-mediated isothermal

amplification (LAMP) of a nucleic acid molecule and quantify amplification thereof, the system

comprising:

32.

33.

a)

b)

c)

d)
e)

at least one nucleic acid sample containing

¢ anucleic acid template,

¢ apolymerase enzyme, and

e chemically modified nanoparticles comprising nanorods of metal, having photo-thermal
properties, to promote said PCR or said LAMP;

a thermal cycler in thermal communication with said at least one nucleic acid sample;

a continuous wave laser configured to irradiate said at least one nucleic acid sample and provide

excitation for a period of time to activate said photo-thermal properties of said chemically

modified nanoparticles;

an ultraviolet (UV) light source configured to irradiate said at least one nucleic acid sample;

a photodetector configured to measure the transmission changes in UV light absorbance from

said at least one nucleic acid sample,

a processor for analyzing said change transmission changes in UV light transmission and

quantify amplification of said nucleic acid template.

The system of claim 31, wherein said UV light source is a UV light emitting diode (LED).

The system of any one of claims 31 - 32, wherein said UV light source emits light having a

wavelength of from about 175 nm to about 350 nm.

34.

The system of any one of claims 31- 32, wherein said UV light source emits light having a

wavelength of from about 240 nm to about 350 nm.

35.

The system of any one of claims 31- 32, wherein said UV light source emits light having a

wavelength of from about 260 nm to about 280 nm.

36.

The system of any one of claims 31- 35, wherein said system comprises a plurality of UV light

source, configured to irradiate a plurality of nucleic acid sample.
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37. The system of any one of claims 31- 35, wherein said system comprises a plurality of
photodetector, configured to measure absorbance from a plurality of nucleic acid sample.

38. The system of any one of claims 31 to 37, wherein UV light from said UV light source is focused
through an optical lense, a light pipe, or a combination thereof.

39. The method of claim 38, wherein UV light from said UV light source is focused through a light
pipe onto said photodetector.

40. The system of any one of claims 31- 39, wherein the metal is selected from the group consisting
of Au, Ag, Pd, Pt, Fe, Cu, Al, and Zn.

41, The system of claim 40, wherein said metal is gold.

42, The system of any one of claims 40 - 41, wherein said nanoparticles are gold nanorods.

43. The system of any one of claims 31 to 42, wherein said photo-thermal properties comprise a
localized plasmon resonance at a surface of the chemically modified nanoparticles, and said activation
light beam has a wavelength corresponding to said localized plasmon resonance.

44, The system of any one of claims 31 to 43, wherein said chemically modified nanoparticles are
chemically modified by a chemical compound that prevents the inhibition of an active site of said

polymerase enzyme.

45, The system of claim 44, wherein the chemical compound that prevents the inhibition of the

active site of said polymerase enzyme is polyethylene glycol.

46. The system of any one of claims 31 to 45, further comprising a thermometer for monitoring bulk
heating of said at least one nucleic acid sample.

47. The system of claim 46, wherein said thermometer is an infrared thermometer.
48. The system of any one of claims 31 to 47, wherein said continuous wave laser is a compact
laser.
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49. The system of claim 48, wherein said compact laser is a fibre-coupled laser, a vertical-cavity
surface-emitting laser (VCSEL), or a combination thereof.

50. The system of claim 48, wherein said compact laser is a VCSEL.

51. The system of any one of claims 31 - 50, wherein said activation light beam from said compact

laser is provided from a distance of < 5 mm from said biological enzymatic reaction mixture.

52. The system of claim 51, wherein said activation light beam from said compact laser is provided

from a distance of from about 1 mm to about 5 mm from said biological enzymatic reaction mixture.

53. The system of claim 51, wherein said activation light beam from said compact laser is provided

from a distance of from about 3 mm to about 5 mm from said biological enzymatic reaction mixture.

54, The system of claim 51, wherein said activation light beam from said compact laser is provided
from a distance of about 5 mm from said biological enzymatic reaction mixture.

55. The system of any one of claims 31 to 54, wherein said system provides real-time information

about amplification of said nucleic acid template.

56. The system of any one of claims 31 to 55, wherein said PCR is a reverse transcriptase (RT)
PCR, or said LAMP is a RT LAMP.

57. A method of amplifying a nucleic acid molecule, with a polymerase chain reaction (PCR) or a
loop-mediated isothermal amplification (LAMP), through bulk heating a biological enzymatic reaction
mixture in solution containing
¢ anucleic acid template,
e apolymerase enzyme, and
e chemically modified nanoparticles comprising nanorods of metal, metallic coated organic
nanotubes, or a combination thereof, having photo-thermal properties, to promote said PCR or
said LAMP, comprising:
a) irradiating said chemically modified nanoparticles with an activation light beam from a

compact continuous wave laser to provide excitation for a period of time to activate said
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photo-thermal properties of said chemically modified nanoparticles, such that said
chemically modified nanoparticles release heat sufficient to provide said heating to the whole
reaction mixture in solution and promote said PCR or said LAMP.

58. The method of claim 59, further comprising step b):

b) quantify amplification by irradiating said biological enzymatic reaction mixture, during an
annealing step, an elongation step, or both, with an ultraviolet (UV) light source and
measuring a transmission change in UV light transmission therefrom to quantify amplification
of said nucleic acid template, wherein said irradiating is for a duration and at an intensity
sufficient to measure a free nucleotide concentration therein, while avoiding inhibition of
amplification of said nucleic acid molecule;

wherein said chemically modified nanoparticles are nanorods of metal.

59. The method of claim 57, wherein the metallic coated organic nanotubes are selected from the
group consisting of carbon nanotubes coated with a metal and multiwalled carbon nanotubes coated
with or decorated with a metal.

60. The method of any one of claims 57 - 59, wherein the metal is selected from the group
consisting of Au, Ag, Pd, Pt, Fe, Cu, Al, and Zn.

61. The method of claim 60, wherein said metal is gold.
62. The method of any one of claims 60 - 61, wherein said nanoparticles are gold nanorods.
63. The method of any one of claims 57 to 62, wherein said photo-thermal properties comprise a

localized plasmon resonance at a surface of the chemically modified nanoparticles, and said activation

light beam has a wavelength corresponding to said localized plasmon resonance.

64. The method of any one of claims 57 to 63, wherein said chemically modified nanoparticles are
chemically modified by a chemical compound that prevents the inhibition of an active site of said

polymerase enzyme.

65. The method of claim 64, wherein the chemical compound that prevents the inhibition of the

active site of said polymerase enzyme is polyethylene glycol.
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66. The method any one of claims 57 to 65, wherein the step of irradiating comprises adjusting a
power of said activation light beam to regulate temperature of said biological enzymatic reaction mixture
in solution through controlled heat release from said chemically modified nanoparticles.

67. The method of any one of claims 57 to 66, wherein said compact continuous wave laser is a

fibre-coupled laser, a vertical-cavity surface-emitting laser (VCSEL), or a combination thereof.

68. The method of claim 67, wherein said compact laser is a VCSEL.

69. The method of any one of claims 67 - 68, wherein said activation light beam from said compact
continuous wave laser is provided from a distance of < 5 mm from said biological enzymatic reaction

mixture.

70. The method of claim 69, wherein said activation light beam from said compact continuous wave
laser is provided from a distance of from about 1 mm to about 5 mm from said biological enzymatic

reaction mixture.

71. The method of claim 69, wherein said activation light beam from said compact continuous wave
laser is provided from a distance of from about 3 mm to about 5 mm from said biological enzymatic

reaction mixture.

72. The method of claim 69, wherein said activation light beam from said compact continuous wave

laser is provided from a distance of about 5 mm from said biological enzymatic reaction mixture.

73. The method of any one of claims 57 to 72, further comprising a step of monitoring said bulk
heating.

74. The method of claim 73, wherein monitoring said bulk heating is performed with an infrared
thermometer.

75. The method of any one of claims 73 to 74, wherein said monitoring is during annealing step.

76. The method of any one of claims 73 to 74, wherein said monitoring is during said elongation
step.

50



WO 2020/118444 PCT/CA2019/051805

77. The method of any one of claims 57 to 76, wherein said duration is from about 10 ms to about
1000 ms, preferably 30 ms.

78. The method of any one of claims 57 to 76, wherein said intensity is from about 0.5 to about 1
mw.

79. The method of any one of claims 58 to 78, wherein said UV light source emits light having a

wavelength of from about 175 nm to about 350 nm.

80. The method of any one of claims 58 to 78, wherein said UV light source emits light having a

wavelength of from about 240 nm to about 350 nm.

81. The method of any one of claims 58 - 78, wherein said UV light source emits light having a

wavelength of from about 260 nm to about 280 nm.

82. The method of any one of claims 58 - 78, wherein said UV light source comprises a plurality of
UV light source, configured to irradiate a plurality of nucleic acid sample.

83. The method of any one of claims 58 to 82, wherein said transmission change in UV light

transmission is measured with a photodetector.

84. The method of any one of claims 58 to 83, wherein UV light from said UV light source is focused

through an optical lense, a light pipe, or a combination thereof.

85. The method of any one of claims 58 to 84, wherein UV light from said UV light source is focused

through a light pipe onto said photodetector.

86. The method of any one of claims 57 to 85, wherein said method is performed in real-time.

87. A system for performing a polymerase chain reaction (PCR) or a loop-mediated isothermal
amplification (LAMP) of a nucleic acid molecule, the system comprising:
a) atleast one nucleic acid sample containing
¢ anucleic acid template,

e apolymerase enzyme, and
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¢ chemically modified nanoparticles comprising nanorods of metal, metallic coated organic
nanotubes, or a combination thereof, having photo-thermal properties, to promote said PCR
or said LAMP;
b) a thermal cycler in thermal communication with said at least one nucleic acid sample; and
c) a compact continuous wave laser configured to irradiate said at least one nucleic acid sample
and provide excitation for a period of time to activate said photo-thermal properties of said

chemically modified nanoparticles.

88. The system of claim 87, further comprising
d) an ultraviolet (UV) light source configured to irradiate said at least one nucleic acid sample;
e) a photodetector configured to measure the transmission changes in UV light absorbance from
said at least one nucleic acid sample, and
f) a processor for analyzing said change transmission changes in UV light transmission and
quantify amplification of said nucleic acid template;
wherein said chemically modified nanoparticles are nanorods of metal,

for quantifying amplification of said nucleic acid.

89. The system of claim 88, wherein said UV light source is a UV light emitting diode (LED).

90. The system of any one of claims 88 - 89, wherein said UV light source emits light having a

wavelength of from about 175 nm to about 350 nm.

91. The system of any one of claims 88 - 90, wherein said UV light source emits light having a

wavelength of from about 240 nm to about 350 nm.

92. The system of any one of claims 88 - 90, wherein said UV light source emits light having a
wavelength of from about 260 nm to about 280 nm.

93. The system of any one of claims 88 - 92, wherein said system comprises a plurality of UV light

source, configured to irradiate a plurality of nucleic acid sample.

94. The system of any one of claims 88 - 93, wherein said system comprises a plurality of

photodetector, configured to measure absorbance from a plurality of nucleic acid sample.
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95. The system of any one of claims 88 to 94, wherein UV light from said UV light source is focused

through an optical lense, a light pipe, or a combination thereof.

96. The method of claim 95, wherein UV light from said UV light source is focused through a light
pipe onto said photodetector.

97. The system of claim 87, wherein the metallic coated organic nanotubes are selected from the
group consisting of carbon nanotubes coated with a metal and multiwalled carbon nanotubes coated
with or decorated with a metal.

98. The system of any one of claims 87 - 97, wherein the metal is selected from the group consisting
of Au, Ag, Pd, Pt, Fe, Cu, Al, and Zn.

99. The system of claim 98, wherein said metal is gold.

100. The system of any one of claims 98 - 99, wherein said nanoparticles are gold nanorods.

101.  The system of any one of claims 87 - 100, wherein said photo-thermal properties comprise a
localized plasmon resonance at a surface of the chemically modified nanoparticles, and said activation
light beam has a wavelength corresponding to said localized plasmon resonance.

102. The system of any one of claims 87 - 101, wherein said chemically modified nanoparticles are
chemically modified by a chemical compound that prevents the inhibition of an active site of said

polymerase enzyme.

103. The system of claim 102, wherein the chemical compound that prevents the inhibition of the

active site of said polymerase enzyme is polyethylene glycol.

104. The system of any one of claims 87 - 103, further comprising a thermometer for monitoring bulk
heating of said at least one nucleic acid sample.

105. The system of claim 104, wherein said thermometer is an infrared thermometer.

106. The system of any one of claims 87 to 105, wherein said compact continuous wave laser is a

fibre-coupled laser, a vertical-cavity surface-emitting laser (VCSEL), or a combination thereof.
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107. The system of claim 106, wherein said compact laser is a VCSEL.

108. The system of any one of claims 106 - 107, wherein said activation light beam from said

compact laser is provided from a distance of < 5 mm from said biological enzymatic reaction mixture.

109. The system of claim 108, wherein said activation light beam from said compact laser is provided

from a distance of from about 1 mm to about 5 mm from said biological enzymatic reaction mixture.

110. The system of claim 108, wherein said activation light beam from said compact laser is provided
from a distance of from about 3 mm to about 5 mm from said biological enzymatic reaction mixture.

111.  The system of claim 108, wherein said activation light beam from said compact laser is provided

from a distance of about 5 mm from said biological enzymatic reaction mixture.

112. The system of any one of claims 87 to 111, wherein said system provides real-time information

about amplification of said nucleic acid template.

113. The method of any one of claims 57 to 86, wherein said PCR is a reverse transcriptase (RT)
PCR, or said LAMP is a RT LAMP.

114. The system of any one of claims 87 to 113, wherein said PCR is a reverse transcriptase (RT)
PCR, or said LAMP is a RT LAMP.
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