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Abstract

As a popular process in molecular-based diagnostics, polymerase chain reaction (PCR) can be employed for amplifying
small amounts of DNA/RNA from different sources such as tissue, cells, peripheral blood and so on. Thanks to the
unique physicochemical characteristics of nanomaterials and their progress, researchers have been encouraged to
employ them as suitable candidates to address the PCR optimization challenges for enhancing efficiency, yield,
specificity, and sensitivity. In nanoparticle-assisted PCR (nanoPCR), different nanoparticles (NPs) such as carbon
nanotubes (CNTs), graphene, quantum dots (QDs), and gold (Au) might be used. Among different nanoPCR assays,
photothermal PCR has emerged as a technique leveraging the excellent light absorption and heat conversion
capabilities of nanomaterials. In addition to presenting recent advances in nanoPCR, this review also delves into the
specific use of nanomaterials for photothermal PCR, including their applications in microfluidics as one of the best
platforms for miniaturization of diagnostic techniques. Different types of NPs used in PCR are comprehensively
examined, and detailed charts and tables are provided that outline features such as optimal concentration and size.
The appropriate choice of nanomaterials for enhancing light conversion to heat in PCR applications is discussed.
Finally, the related challenges and future trends are explored.

Introduction

The polymerase chain reaction (PCR) is utilized as a
prevalent strategy to rapidly amplify target nucleic acid
structures outside of living organisms. Numerous indus-
tries have revealed an extensive range of applications for
this technique, such as food safetyl, clinical testingz,
archaeological examinations®, and biological studies®.
There are different inhibitors and facilitators to manip-
ulate PCR performance®. The principal inhibitor in PCR is
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interference between chemicals and DNA polymerase,
nucleic acids (template DNA/primer sequences), or
nucleotides (ANTPs)®. The components of human blood
such as heme, hemoglobin, lactoferrin, and immunoglo-
bin G’ hair and skin melanin and eumelanin'®';
organic molecules in soil such as humic and tannic
acids'*'%; monomeric proteins found in muscle tissue
such as myoglobin'%; collagen and calcium ions in

11,15, .
milk'>'%; substances originated from foods such as com-

plex polysaccharides which are presented in feces'”'%; and
urea found in urine'® are instances of widely used PCR
inhibitors. In contrast, the main classifications of PCR
facilitators are non-ionic detergents, proteins, organic
solvents, extra polymerase enzymes in the presence of
enzyme-targeting inhibitors, biological matrices and
polymers, PCR cocktails containing more than one addi-
tive (e.g., 1,2-propanediol-trehalose (PT) combination),
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and nanoparticles (NPs) (e.g., carbon nanotubes (CNTs),
metal/metal oxides, and quantum dots (QDs)®). NPs are
very efficient in facilitating PCR owing to their excep-
tional characteristics, including their small size, excellent
thermal conductivity, high surface-to-volume ratios, and
dense surface electric charge®”*!. The nanoPCR techni-
que involves the integration of NPs with PCR reagents,
which primarily consist of enzymes, templates, and pri-
mers. The kinds of nanomaterials utilized in PCR up to
now consist of metals (like gold (Auw)* and silver (Ag)23),
carbons (like CNTs**, carbon nanopowders (CNPs)
diamond?®®, and graphene NPs*’), oxides (like zinc oxide
(Zn0)?%, titanium dioxide (TiO,)*’, and graphene oxide
(GO)*), and other materials like QDs>'.

Photothermal conversion—the action of absorbing
photon energy and converting it into thermal energy—is
one of the applications of NPs in PCR*?. The photoexcited
material’s capacity to capture light and its efficiency in
converting to heat are two crucial criteria that account for
the photothermal conversion efficiency®®. As viable can-
didates for photothermal catalysis, a wide variety of sub-
stances have been investigated to date, including metallic

25
)

4. .

nanostructures>*®°, semiconductors®*®*’, carbon-based
. 38-41 . 42,43

nanomaterials , organic polymers ™, and more

recent materials like metal-organic frameworks

(MOFs)**~*8, 2D carbides or nitrates of transition metals
(MXenes)®>!, and covalent organic frameworks
(COFs)>>™°. Considering the diversity in the physico-
chemical characteristics of nanomaterials, photothermal
conversion is improved through three mechanisms: plas-
monic localized heating, nonradiative relaxation of exci-
ted carriers, and molecular vibrations. Metals exhibit
plasmonic localized heating, which increases the radiative
scattering and absorption of resonant light when the
collective oscillation of the free electrons is driven
coherently by the oscillating electric field of light. Semi-
conductors primarily observe the nonradiative relaxation
of excited carriers, which absorbs photon energy sur-
passing their bandgaps. This process converts energy into
heat by facilitating the excitation of electrons from the
valence band to the conductive band. Next, in the valence
band and conduction band, respectively, excitation-state
electrons and holes are generated. The electrons and
holes in the excitation state then relax to the matching
edges of the conductive band and valence band. Thus, the
energy is effectively transformed into heat®. The photo-
thermal mechanism through vibrational modes is another
technique that occurs in polymer-based and carbon-based
nanomaterials®’~®°, This mechanism involves light
absorption, which excites electrons of the highest occu-
pied molecular orbital (HOMO) to jump to the lowest
unoccupied molecular orbital (LUMO)®, leading some of
the excess energy of these excited electrons to be subse-
quently transferred to the surrounding lattice molecules.
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This transferred energy induces molecular vibrations,
which generate heat. It is important to note that photo-
thermal performance can be significantly improved with
well-designed nanomaterials. Nanomaterials can be
employed with either a single- or multi-component
structure providing photothermal mechanisms.

NanoPCR assays integrated with microfluidics play an
essential role in improving the specificity, amplification
efficiency, sensitivity, and detection accuracy of diagnostic
tests. These techniques, with main advantages such as
shortened reaction duration, low reagent utilization, and
the capability to manage multiple assays simultaneously
on a single disk, are superior to conventional methods.
The ability of low-abundance biomarker detection is
another benefit of the incorporation of NPs into micro-
fluidics, which enables rapid and early disease detec-
tion®*®*, In this review, we extensively discuss the state-
of-the-art nanoPCR processes alongside the imple-
mentation of light-to-heat converter NPs in microfluidic
devices. Figure 1 shows the frequency of published pub-
lications regarding PCR: the red columns represent the
number of PCR papers with NPs, the orange columns
represent the microfluidic PCR papers’ numbers, and the
black columns represent the number of PCR papers with a
photothermal effect. The rapid rise of publications on
each of the three topics underlines the necessity of this
review. In the following sections, we examine nanoPCR
assays, and their roles in improving specificity, sensitivity,
yield, and efficiency are discussed. The principles of light-
to-heat conversion through localized surface plasmon
resonance (LSPR), nonradiative relaxation, and molecular
vibrations are presented. In order to understand the basic
concepts for the design of photothermal NPs, mathema-
tical principles underlying light-to-heat conversion are
presented. We evaluate the photothermal efficiency of
different nanostructured materials in biological contexts
and highlight recent advancements in photothermal
conversion for PCR applications, including the latest
developments in on-chip PCR using photothermal
nanomaterials.

NanoPCR

Denaturation, annealing, and extension are the three
primary stages in each thermal cycle of a PCR reaction
(Fig. 2). During the denaturation phase, increasing the
temperature up to a high range of 94-98°C allows the
DNA strands to split. During the annealing step, when the
temperature is decreased to 50—65 °C, short primers can
be attached to the target DNA sequence. Finally, primers
offer DNA polymerase a starting point to connect dANTPs
and create new complementary DNA strands during the
extension process around the temperature of 72°C. By
repeating this process for a certain number of PCR cycles
(n times) with a controlled heat cycling speed, the number
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Fig. 1 The annual number of papers published on various topics, including “nanoparticle-based PCR,

as determined using Scopus database keywords. The keywords “nanoparticle PCR” and “nanoPCR” are represented in red, “microfluidics-based PCR"
and “on-chip PCR" in orange, and “photo PCR," “photothermal PCR,” “light-to-heat PCR,” and “plasmonic PCR" in black
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Fig. 2 Main stages in the PCR process: (1) preparation of double-stranded DNA; (2) denaturation of double-stranded DNA into single-stranded DNA;
(3) annealing of short primers to the start and end of the target DNA sequence; and (4) extension of the newly synthesized DNA by attaching dNTPs
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of DNA strands can be amplified efficiently and precisely.
In theory, the exponential function of 2" is commonly
expressed to count the number of DNA rises during the
PCR process™®”.

The detection limit and amplification efficiency of PCR
can be affected by the intervention of chemicals in poly-
merase enzymes or their impact on primers, DNA tem-
plates, and dNTPs®. The presence of PCR facilitators
during sample preparation can potentially manipulate the
PCR performance®. NPs act as one of the best PCR
facilitators due to several important mechanisms: they

possess excellent thermal conductivity, demonstrate cat-
alytic features, are similar to single-stranded DNA-bind-
ing proteins (SSBs), and participate in electrostatic/
surface interactions with PCR components®”®®, NP-
assisted PCR assays with excellent thermal conductivity
exhibit improved reaction duration and efficient heat
transfer®®. The catalytic activity of NPs facilitates the PCR
process even under conditions below the optimal envir-
onmental standards®’. Modifying the negatively charged
surface of NPs with carboxyl groups improves the
amplification specificity in the PCR process. It minimizes
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Fig. 3 Three ways in which Au NPs impact the PCR include: (1) decreasing the PCR’s active polymerase concentration; (2) effectively inhibiting the
primer mismatch and formation of nonspecific amplification by decreasing the melting temperatures of the primers; and (3) efficiency improvement
and enabling the PCR to run effectively in a faster heat cycler by accelerating the PCR products’ dissociation rate
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Surface interaction of Au
NPs with PCR products
Facilitating the function of DNA
separation during denaturation stage

the risk of mispairing between templates and primers by
selectively binding to single-stranded DNA in a similar
optimization technique to SSBs®'. Electrostatic interac-
tions between the positive and negative charges of NPs
and PCR components, respectively, play a crucial role in
increasing the stability of PCR components and enhan-
cing the efficiency and specificity of PCR”*~"2, In terms of
surface interactions, NPs have an impact on PCR in three
ways: interaction with polymerase, influencing primers,
and template DNA”?, Using Au NPs as an illustration (Fig. 3),
the adsorption of polymerase by Au NPs regulates the
amount of active polymerase in PCR. Au NPs improve
PCR specificity by adsorbing primers and increasing the
difference in melting temperatures between com-
plementary and mismatched primers. PCR products are
adsorbent, and Au NPs assist them to be separated during
the denaturing stage®®. Understanding the characteristics
and properties of the surface of NPs facilitates their
selection and optimization for PCR amplification. So far,
many NPs have been reported to enhance PCR efficiency
and speed up the PCR process, like Au”>"*7°, CNT’®,
Ag”’, QD’®, GO”®, metal oxides (e.g., TiO,, ZnO, and
magnesium oxide (Mg0))*°, and composites. By applying
the proper concentration of NPs, they can improve PCR
specificity and provide products with enhanced bands.
Since low concentrations of NPs inhibit the amplification

of long fragments, while high concentrations inhibit the
amplification of small fragments and disturb the PCR
reaction, it is important to carry out the nanoPCR process
with the optimal concentration of NPs’*®!, Table 1 lists
the effects of NPs of optimal size and concentration that
improve the PCR process, and Table 2 illustrates
nanoPCR applications in different fields.

In Fig. 4, we show the size ranges of different NPs from
the literature for PCR applications. Au NPs can be as large
as 100 nm, which is over five times the size of other metal
NPs utilized in PCR. In terms of size ranges, carbon
nanostructures are comparable to metals, with the highest
size ranging from 30 nm to 70 nm for CNT/PEI compo-
sites and the smallest size of 1 nm for CNTs. To date, the
reported optimal sizes for ZnO (35-1000 nm) in the oxide
group, PDA (177-328 nm), and ADACP (250-350 nm) in
the other composites have been considerably broader than
the size ranges for metals and carbons. PEG-nGO and
SCM are two other NPs that exhibit optimal sizes of
200nm and 1000 nm, respectively, which are larger
compared to other NPs in the metal and carbon groups.

In Fig. 5, the optimal concentrations of various NPs for
PCR applications are shown. It is clear that Au, TiO,,
CNT-X (such as MWCNT-Fe;0,4, CNT/PEIL, and NH,-
SWCNTs), and graphene-X (such as GO, GNFs, and GO-
Au) with the optimum concentration ranges of 0.19 x
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Refs.

107°-0.4 mM, 0.2 x 107°-2 mM, 390 x 107 °-0.63 g/L,
and 40 x 10~ °~1 g/L, respectively, are the most commonly
used nanomaterials in PCR. The optimal concentrations
of other NPs like ZnO nanoflowers (1 mM), CNPs (1 g/L),
SWCNTs (1-3 g/L), and MWCNTs (1 g/L) have been
observed at high values. CuO, ZnO, Al,O3, Fe30,4, and
PDA have been seldom employed for PCR, and the
reported optimal concentrations for them are also low.

72
227

Template length

(bp)
200, 800

48,502

Light-to-heat conversion mechanisms using NPs

With NPs, one can convert the energy of incoming light
into heat energy by releasing the absorbed photon energy
into the surrounding environment®”. In photothermal
conversion, there are three main processes that are very
important: the plasmonic effect in metals, the non-
radiative energy scattering of excited electron—hole pairs
in semiconductors, and molecular vibrations. This section
offers a comprehensive analysis of the three principal
photothermal processes, as they represent the core prin-
ciples of photothermal conversion, focusing on the var-
ious types of NPs. These NPs are crucial for photothermal
conversion, with each category - metallic, semiconduct-
ing, and carbon-based exhibiting one or more of these
photothermal mechanisms.

Plasmonic localized heating is an optical phenomenon
that is mainly associated with the metal NPs, which
occurs when the plasmonic resonance on the surface of
metallic NPs is subjected to an electromagnetic wave with
a wavelength much larger than their size. The incident
electric field strongly interacts with the conduction elec-
trons of the metal NPs, leading to their collective oscil-
lation (Fig. 6a (left))®. The absorption of incoming light is
further intensified at the resonance frequency, resulting in
highly amplified electric fields near the surface of the NPs.
This phenomenon is known as LSPR®,

The ability for metal NPs to modify LSPRs across a wide
range of the electromagnetic spectrum, from the visible to
the infrared, attracted a lot of attention for plasmonic
localized heating®®>. The steps involved in achieving
localized heating via LSPR are summarized in the sche-
matic of localized plasmonic heating in Fig. 6a (right). (1)
Excitation: The stimulation of plasmons has the potential
to amplify the electric field intensity at the NP surface,
resulting in significant absorption and scattering cross-
sections at resonance frequencies. (2) Rapid heating: The
nonequilibrium rapid heating of metal NPs occurs when
they are activated by resonant photons, leading to the
photoexcitation of the electron gas. (3) Relaxation: The
electric excitation is followed by relaxation at timescales
less than a picosecond, which occurs through electron-
electron scattering facilitated by the Landau damping
effect. (4) Rapid temperature rise: Electron-electron
scattering leads to a fast elevation in the metal’s surface
temperature. (5) Heat dissipation in the surrounding

efficiency and specificity.

—Broad range of annealing temperatures and increase the PCR
efficiency.

-Wide range of annealing temperatures and increase the PCR

Advantages/disadvantages

Optimum concentration

20mg/L

Size (nm)

15.2

hybrid composite
pped Au NP
(diallyl dimethylammonium) chloride

Type of NPs
MOFs

GO-Au

“Polyethylene glycol (PEG) modified polyethyleneimine (PEIl) entrapped Au NPs

Table 1 continued

9Single-walled CNTs

*Multi-walled CNTs

fPEI-modified MWCNTs

PPolyethylene glycol engrafted nanosized graphene oxide

?Dendrimer-entra
9Polydopamine NPs

Group
bpoly
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Fig. 5 The optimal concentrations of NPs used in PCR

media: The surface temperature experiences a fast
increase, followed by a cooling process. The cooling
process of the lattice occurs through phonon-phonon
coupling, leading to the dissipation of heat into the sur-
rounding medium of the NP. The LSPR technique is very
fast, as it can produce an extremely concentrated area of
surface heat within 100 fs*.

The second way energy is dissipated through processes
called non-radiative transitions. These occur when elec-
trons in the excited electronic states in a material decay to
lower energy states without the emission of photons.
Here, rather than emitting electromagnetic radiation, the
energy is radiated out as heat by means of phonon
interactions with the nearby atoms or molecules. The



Shamsian et al. Microsystems & Nanoengineering (2025)11:127

Page 12 of 29

.

p
a Electron—electron
scattering
Surface
% plasmon
< state
%, - => Landau
damping
Plasmon Conduction -=> Electr_on—phonon
excitation  band coupling
t=0s
Electron
cloud
Non-equilibrium Rapid increase in Heat dissipation
rapid heating surface temperature in the surrounding media via
t=1to 100 fs t=100fsto 1 ps phonon-phonon coupling
t=100 ps to 10 ns
b
4 c
i_Conduction oo <
N, %, ©
A - T %
LUMO i : i a
> 7 Surface v P! | S
sz | == or Auger |
23 | =] | trep recombination filos
£3 R ~.. states e
3 8 | Non-radiative relaxatian H H |3
S | governed by availability 6f-- P8
E=nk Iy e
> 'phonon 1 1
. HOMO \ A A 2N
valence QO
band
Shockley—Read-Hall
recombination
Fig. 6 Schematic of the mechanisms involved in photothermal phenomena: (@) schematic illustration of the LSPR effect (left) and localized plasmonic
heating by metal nanomaterials (right); (b) localized heating by a non-radiative transition in semiconductors, including Auger recombination (right-
top) and Shockley-Read-Hall recombination (right-bottom); (c) localized heating by thermal vibrations

materials used in semiconductors are mostly linked to this
mechanism®”.

Photothermal semiconducting nanomaterials, such as
chalcogenides and oxides of metals, governed by this
mechanism are also used for heating. These particles are
characterized by their bandgap energy, which can be
adjusted by manipulating their size, morphology, and sur-
face chemistry®*~*. By manipulating bandgaps and/or free-
carrier-induced LSPRs, the efficiency of light-to-heat
transformation conversion in nanomaterials (i.e., semi-
conductors) can be modulated®®°2 A rise in local lattice
temperature can occur when charge carrier recombination

in a semiconductor causes the emission of phonons rather
than photons, which produces localized heating as depicted
in Fig. 6b schematic. Localized heating in semiconductors
is principally achieved through two processes: Shockley-
Read-Hall and Auger recombination. Auger recombination
is an inherent phenomenon that exhibits an upward trend
when the bandgaps decrease. Shockley-Read-Hall recom-
bination, defined as a trap-assisted procedure, arises from
the existence of defects or impurities within a semi-
conductor material. When an electron-hole pair undergoes
recombination, the absence of photon emission allows for
the transfer of energy to either a higher electron in the
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conduction band or in the valence band as a deeper hole, as
shown in Fig. 6b (right top). In the latter scenario, as illu-
strated in Fig. 6b (right bottom), electrons of the conduc-
tion band first relaxed in the trap level, followed by a
transition to the valence band (the place of hole genera-
tion). The process of transferring thermal energy is initi-
ated by the simultaneous relaxation of electrons””,

The third mechanism involves the generation of heat
through thermal vibrations of atomic lattice primarily
associated with the carbon-based nanomaterials®*~*°. The
delocalization of electrons in the conjugated and/or
hyper-conjugated system facilitates the electron’s excita-
tion easily from HOMO (i.e., highest occupied molecular
orbital) to LUMO (i.e., lowest unoccupied molecular
orbital), thus enabling the absorption of light across a
wide spectrum. An electron can elevate from HOMO to
LOMO by receiving the matched light energy for its
transition (Fig. 6¢). A macroscopic increase in the mate-
rial’s temperature occurs due to the relaxation of excited
electrons via electron-phonon coupling, which transfers
the absorbed light energy to vibrational modes through-
out the atomic lattice.

Quantifying light to heat conversion

The capability of NPs to absorb incident light, produce
heat, and transfer heat all play essential roles in the
optimization of light conversion into heat. The different
underlying physical mechanisms for light-to-heat con-
version come with different mathematical formulations.
Here, we present the most essential formulas for analyzing
photothermal conversion regarding light absorption, heat
generation, and heat transfer.

Light harvesting

When the surface of a material is subjected to electro-
magnetic radiation, a part of the photon energy can be
absorbed. The light-absorption coefficient of NPs specifies
the absorption ability of the incident photon energy.
There are two fundamental factors that determine the
energy absorbed by NPs: (1) the incoming wavelength
range for absorption; and (2) the absorbance intensity for
each wavelength. The total absorptance A (6) for an
incident light with angle (6) can be defined as Eq. (1) (Amin
: minimum wavelengths and A,,,: maximum wavelengths
of the incoming light, R (6, 1): overall light reflectance, T
(6, A): transmittance power, P (A) (W/m?) overall light
reflectance at wavelength 1)°>%,

tms (1 R(O,1) — T (6,1)]P(6,1)d)
4(6) _ Sl ( Am)“ (6,1)]P(6,1) W
Sy P)dA

Accordingly, decreasing the R (6, ) and T (6, 1) results
in an increase in light absorption. To achieve high
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conversion of light-to-heat efficiencies, light absorbers
must be able to absorb a broad spectrum of light. The
process of light absorption is determined by Beer-Lam-
bert’s equation (Eq. (2)), representing an exponential
decay having a cumulative behavior (I = Ipe ¢ (W/m?):
light intensity after the absorption, Iy: light intensity
before absorption, k (M ™! cm™'): extinction coefficient, ¢
(M): NPs concentration, / (cm): the optical path length).

1
A= —InT = lnT0 (2)

By substituting I with Ioe % in Eq. (2), the absorbance is

therefore obtained from A = kcl, which depends on the
intrinsic properties of the absorber, such as shape,
material, and size. However, when we consider employing
NPs for heat transfer in a very small volume of medium,
mere absorbance consideration is the very macroscopic
view. Therefore, we delve deeper to get physical insight
into plasmonic heating.

The extinction coefficient depends on the extinction
cross section (Cey) of NPs, which is expressed as Cey =
Cscat + Capsy Cyears scattering cross-section, and C,pg
absorption cross-section. These two parameters, in turn,
can be described in terms of the particle’s polarizability
(a) of the NPs of radius R due to irradiation with an EM
wave by Egs. (3)-(5) (e(w): NPs frequency-dependent
dielectric constant, g,: surrounding medium dielectric
constant). Therefore, the dielectric constants and dia-
meter of the NPs, as well as the surrounding medium
dielectric constants, are factors affecting the polariz-
ability™”.

21

Cups = Tlm(a) (3)
Cscat = %31’%(“)2 (4)
a(w) = 4nrR® £0) = en (5)

e(w) + 2¢&

As described in Eq. (6), by considering the relationship
between the heat power (Q) produced by NPs when
exposed to an EM wave at a certain intensity (I,), the
importance of C,, can be comprehended®®:

Cabs = Ig (6)

Hence, at a certain EM wavelength, the heat generated
by the NPs is directly proportional to their absorption
cross-section.
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In addition to the above discussion, we demonstrate the
connection between light and NPs and the generation of
heat through the Joule effect. The formula for the time-
averaged heat power density g is provided below (J:
electronic current density, E: electric field inside the
NPs)”:

q:%Re{].E*} 7)

Using the relation between the polarization vector (P)
and E; ] = o0P/dt and P = ¢,(e — 1), for a monochromatic
light of angular frequency (w) can be expressed as: g =
%sglm{s}|E|2. The heat power density within a NP is
directly proportional to the square of the amplitude of the
electric field. Poynting’s theorem states that the total heat
power (Q) emitted by a NP may be calculated by inte-
grating g over its volume (V).

Q= g edmie} [ |EPdV (8)

The heat produced by a NP causes the temperature to
rise in both the NP and its surrounding media as a result
of heat diffusion. This can be expressed using the widely
recognized general heat transfer Eq. (9) (p: the material’s
density, Cp: specific heat capacity, T(r): absolute tem-
perature, k: surrounding medium thermal conductivity).

oC oT (r)

o = VKVT(] 4+ Q 9)

Conversion efficiency of light-to-heat

The photothermal conversion efficiency (1) is an
important factor in quantifying the absorbed energy
converted to heat for different plasmonic nanostructures.
This parameter can be expressed as Eq. (10) (Q7: total
heat energy produced by the NPs, E7: total energy output
of the incoming light, m (kg): mass of the NPs, ¢ (J/kgK):
specific heat capacity, AT (K): temperature change of the
NPs during the radiation time (¢ (s)), p: power, A (m?):

surface area of the incoming light)'°**,
Qr mcAT
= = = 10
1= Er T par (10)

In this procedure, to measure 7, the entire incident light
is considered for input energy. However, from the
absorbed, scattered, reflected, and transmitted photons,
only the absorbed photons have the ability to convert the
energy (light to heat).

Moreover, as in this strategy, the transfer of heat from
the photothermal material to the surroundings is not
considered, which doesn’t solve the problem of heating a
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small volume of medium. So, the photothermal conver-
sion efficiency # can be estimated by writing the heat

. 102
balance equation "

daT
Z Wle % =Qnp t+ Qsolvent - Qext (11)

> mC,: summation of mass and heat capacities of
all NPs,

‘fi—{: temperature increase rate,

Q,,;: external heat flux,

Qup + Qgopyens: heat produced by converting the absor-
bed light into heat by either NPs (Q,;) or by the solvent
(Qsolvent) .

Estimating the heat loss to the media causes the tem-
perature decay process once the incident light is removed.
The Qpp is defined using Eq. (12) in the switched-OFF
light mode:

Qup = I(1— 107"y (12)

where A, is the absorbance at irradiation wavelength A. In
equilibrium conditions, Zme‘;—tT: 0 and # can be
calculated as Egs. (13)—(15) (Qexs: computable from
experimental cooling kinetics, #: NPs’ heat transfer
coefficient, A: for heat transfer surface area to surround-
ing media, T, surroundings temperature, and T:
current temperature).

_ Qext— Qsolvent

T= (1 —104) 13)

. hA(Tmax - Tamb) — Qsotvent

B I,(1—1074) 1
mC Tmax - Tam — Ksolven

_ > mCy( b) = Qotvent (15)

Td,(1—10"4)

The actual temperature equals the steady-state tem-
perature T = Tyox = Tump + AT at equilibrium. These
parameters can be estimated using the product of m and
C, and the cooling time coefficient (z.), of all the NPs. The
absolute value of # will be influenced by a number of
experimental circumstances. For example, factors that
may significantly influence the determination of tc, the
method of actual temperature measurement, will impact
the sum of the product of mass and heat capacity.

Heat transfer

Another underlying part of the light-to-heat conversion
is heat transfer, which is conducted by conduction, con-
vection, and radiation mechanisms®>'*®, Heat conduction
is the process of transferring heat from a warmer area to a
cooler one. The heat conduction can be calculated as Eq.



Shamsian et al. Microsystems & Nanoengineering (2025)11:127

Page 15 of 29

and nanocomposites>>' 3% (c)

a b c
§100~ = 100 A 100 1 %
2 L 3 .
g 801 s 801 % 3
5 60 ii 2 3
© b 4
£ = 2 60 a3 g 3
3 40 ° ¢ 3 £ E 3
= = 3 2 40 - 3
= E 2 [+ 3 %
.8 20 = g s
o = 20 = -
0 T ——— 0 T T T T T T T T T T T T
Au Pd Cu Mn Fe AgWO Ni Core— o*o:%w:as“gc%a"%cé“gg oo a8 s 8 28
Shell S oI RALG 5T A -~ & o E 3 88
S0 O Z3 > - == 5 § TE
3 2B 2 % S5 9 9]
g 15 5 S s & = =
© s c £ c
© o 2
4 8 o
o S
&)

Fig. 7 Photothermal conversion by nanomaterials in biological applications: (a) photothermal efficiency of metal nanomaterials, including
AQ148-1511261-264 265268\ 269-273 \1\274-277 £ 278-282 p(264.283-287 \\iy288 (289

semiconductor nanomaterials, including MnO,*%*%, Fe,0,* 7%, Ag,S*% "%, CuS?* 1%, WS, 771%, CuSe? %, BiSes™ %, FeS° %%, 5nS,*97%,
photothermal efficiency of carbon nanostructures, molecules, and polymers, including graphene and
derivatives'031643377342 CNT3373%  arbon dots®*°7>?, biomass' 737373, po\ymers%é’aw, molecules®°% and hybrid NPs?64-375

153,290-297,
i (b)

,and core-shell structures photothermal efficiency of

(16) (knp (W/mK): NPs” thermal conductivity, d (m): light
absorber thickness).

( Tmax -
d

Tom
Qconduction = kNPA b ) (16)

Thermal convection involves the movement of a mass
of fluid from the heating source into a cooler part of the
fluid. In this way, heat transfer is caused by temperature
variations within the fluid, and it is given as:

= NA(Tmax — Tamp) (17)

Qconvection
Lastly, thermal radiation refers to the radiation of EM
waves by all objects without the need for any media. The
Stefan-Boltzmann Law can be expressed for energy
exchange between two regions with different tempera-
tures as:

4
deiﬂtion =eoA <Tmax -

where € represents the radiation coefficient, ¢ is Stefan’s
coefficient  (5.6703 x 10°  Wm *K *); consequently,
besides the physical characteristics of the NPs, their
surrounding medium also affects the heat transfer. So, the
conversion of light to heat can be improved by the
appropriate selection of NPs and considering the condi-
tion of their surrounding medium.

Tamb ") (18)

Developments of Photothermal Nanomaterials
The application of a photothermal process starts with the
selection of particular NPs. The principal phenomena
governing this process are fundamentally different: metal
NPs display the LSPR effect®'**, intrinsic semiconductors

and lightly doped semiconductors show non-radiative
relaxation”"*%, and carbon nanostructures, including poly-
mers, demonstrate thermal vibration-based heating assisted
by the delocalization of 7 electron clouds'®>'%, However,
this bifurcation is not sacrosanct, and even highly doped
semiconductors can reveal LSPR*. Similarly, 2D materials
can unveil the coupling of both LSPR and non-radiative
relaxation'”’. Extensive research has been done to show the
efficacy of an array of nanomaterials and compare them for
their suitability as photothermal converters for applications
in nucleic acid amplification in PCR'*®-1 13-120
biomedica®111121122 bigimaging!23-125
coating!261%7

, Sensors
, superhydrophobic
, immunomagnetic bioassays'*®, optical nano-
thermometry'®, atomic switches'®’, spectroscopy'*>'*,
nanofabrication'*>'*, acoustic wave detection'*, seawater
desalination3>1, plasmonic photocatalysislg7’138, strain
modulation'®®, and plasmonic actuation'*, Figure 7a—c
graphically reviews some of the latest works and compare
the photothermal conversion efficiency on metals, semi-
conductors, and carbon NPs, respectively.

A wide range of photothermal efficiencies is exhibited
by the nanomaterials that significantly depend upon their
size and/or morphology. These distinctions were clearly
observed in several reports. The amplitude of the electron
oscillation of Au nanospheres rises with an increase in
particle size that shifts the LSPR towards the lower energy
side and eventually controls the localized heating'*"'*2,
Apart from size, the morphology of Au NPs exhibits a
vital role in modifying the LSPR energy; these structural
variations include preparing them into nanorods'**'**,
nanostars'*>, or nanoshells'**'*”. The latter is manifested
by the photothermal efficiency of Au hollow rods, with an
efficiency of about 99%'*®, whereas Au nanospheres and
Au nanorods exhibited efficiencies of 54% and 41%,
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respectively'*~'*!, The phenomenon of reabsorption has
been proposed as a possible explanation for such high
efficiency in hollow rods'**'>>, Moreover, there are also
reports for core-shell structure; for example, when Au is
combined with Ag in Ag core@Au shell, it showed a
photothermal efficiency of 87.2%'°>. Though the effi-
ciency of such a structure is less than the maximum
reported, it gives various applications a range of effi-
ciencies. It is apparent that photothermal efficiency
changes not only with the change of materials but also
with morphology and size. The effect of size and mor-
phology on photothermal efficiency was meticulously
tabulated by Zhuoqian et al.'>*. Photothermal efficiency is
similarly tunable in semiconductor and carbon-based
photothermal nanomaterials, as shown in Fig. 7b, c.
Importantly, from the comparison in Fig. 7, carbon
nanostructures, molecules, and polymers are not far
behind metals in photothermal efficiency. In some cases,
biomass precursor-based carbon nanostructures showed
similar efficiency in generating heat for solar water eva-
poration to their metal counterparts, such as 99% in PPy
decorated cattail fiber (CF) foam'*®, This is a promising
development, as cattail fiber is an aquatic plant that can
spread swiftly and provide abundant biomass lig-
nocellulose. Based on this summary of various nanoma-
terials as photothermal converters, selecting the materials
for advanced applications becomes easier.

In this work, we focus on the selection of NPs for
nucleic acid amplification in PCR. For this application, we
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are specifically interested in controlling the heating rate
and cooling rate and the time required to complete the
total number of thermal cycles before a positive result can
be reported. For ultrafast thermocycling using nanoma-
terials, the NPs’ material type, size, and morphology are
key, and they have been well-documented over the last
decade'™®. Efficient photothermal conversion can be
achieved by tuning the LSPR to the desired spectral
window in the case of metals. Similarly, in order to con-
trol the non-radiative relaxation in semiconductor parti-
cles, the band gap and charge trapping states can again be
tuned by size and shape'’~'®°. In Table 3, the perfor-
mance of a set of nanomaterials for use in PCR is com-
pared. Au NP-based thermal cycling remains the most
popular choice among researchers and manufacturers.
Nevertheless, the volatile thermodynamic characteristics
of Au nanorods at elevated temperatures render them
inappropriate as constituents for continuous heat-transfer
agents, hence posing a significant obstacle to Au NP-
based PCR. Noble metal nanostructure-based thermal
cycling has been reported so far to be accomplished
within 1200 seconds to 54 seconds with Au
nanorods'®"'%%,

On the other hand, semiconductors exhibit resistance to
elevated temperatures due to their inherent thermal sta-
bility and offer a certain degree of advantage in terms of
thermal stability. However, semiconductor-based thermal
cycling is found to be time-consuming compared to its
counterpart metal and carbon nanostructures. In order to

Table 3 Different types of NPs, their optimum concentrations, effects, mechanisms, and applications for enhancing PCR

Mechanism Materials and Dimension No. of thermal Heating rate Cooling rate Time (s) References
structure cycles (°C/s) (°C/s)
Plasmonic localized heating Au nanosphere D: 60 nm 30 762 333 700 23
in metals Au Nanorod D: 10 nm 30 72 50 54 162
L: 41 nm
Au Nanorod - 30 6.25 1.99 1200 et
Au bipyramid - 30 166 94 142 24
Si0,Au - 30 7.69 5.89 1200 s
Fe,03
Core-Shell
Au nanorod 45 67 47 900 2%
Au nanoshell Total Dia: 1557 nm 40 24+0049 39+0052 800 »7
Core Dia: 121 £5nm
Non-radiative relaxation in ~ Fe;O4 nanocluster 10 to 11nm cubic 40 45 225 600 28
semiconductors nanocrystals
ZnO nanoflower - - - - 70 min  **®
Thermal vibrations of CNT, GO, and 1GO - 40 22 235 300 %
molecules Carbon black 30 2 26 420 260
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achieve photothermal cyclers using cost-effective and
easily expandable materials, electron-rich carbon nanos-
tructures are a suitable alternative to noble metals. This
occurs because the interaction between incoming photons
and the numerous 7 electrons in the conjugated system
considerably leads to thermal energy dissipation. The
incoming photons trigger electronic transitions and
induce resonance in the oscillation of m electron clouds.
This leads to vibrational changes, which help electrons
and phonons as well as phonon interactions within the
carbon nanomaterial. Hence, this enhances the formation
of electron-phonon pairs and ultimately improves pho-
tothermal conversion efficiency through thermal vibra-
tions'®*~'%”. Moreover, the carbon nanostructure-based
PCR has a significantly comparable thermal cycling time
with metals and is better than the semiconductor shown
in Table 3. Though carbon-based photothermal materials
exhibit high photothermal conversion efficiencies com-
parable to metallic counterparts and better than semi-
conductor NPs. However, Au NP-based thermal cycling
continues to be the preferred option for researchers and
manufacturers. Nonetheless, the compatibility of carbon-
based thermal cycling remains in its nascent phase for
integration with the current PCR. The predominant
rationale for the majority of documented work on thermal
cycling is the utilization of Au NPs, recognized for their
tunable plasmonic and biocompatibility. Therefore,
selecting materials for PCR applications not only focuses
on the photothermal conversion efficiency but also needs
a holistic approach that converges all the parameters to
achieve ultrafast diagnostic devices.

Beyond the traditional materials documented thus far
for applications in photothermal energy conversion, there
exists a novel class of emerging materials that holds sig-
nificant promise for utilization as thermoplasmonic
materials. Within the framework of plasmonic science and
engineering, the use of artificially engineered materials
and metamaterials has been proposed. The use of artifi-
cially engineered materials has been explored since the
1940s and 1950s in order to emulate effective media
parameters following Drude-Lorentz models, applicable
to radar lenses, refractive index variations, or delay lines,
among others'®®™'7°, Further on, Victor Veselago'’" stu-
died the theoretical properties of materials that could
have any combination of values of effective € and y, either
positive or negative, leading to double negative € and p
materials, not encountered in nature. These materials
exhibit unusual properties such as anti-parallel phase and
group velocity (for which these materials are also called
Left Handed Materials, LHM, in contrast to conventional
materials), inversion of Snell’s law, and inversion of Cer-
enkov radiation, among others. However, these new arti-
ficial materials, termed metamaterials, aren’t readily
available in nature, so they must be artificially engineered,
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with the first practical implementations within the
microwave spectrum proposed in the early 2000s'”2. From
that point, a relevant amount of results related to meta-
materials has been reported, in which multiple frequency
bands from acoustics up to UV and different application
domains'”>'”*, Among the different metamaterial con-
figurations, 2D metasurfaces and 3D configurations
(mainly based on 2D structure stacking) have attracted
attention, owing to their flexibility to be employed in
order to enhance sensing capabilities, improve stealthing,
or provide agile communication systems, to name a
few'”>~1”7_ In relation to plasmonics, metamaterials have
been employed in order to enhance detection mainly by
increasing field values aided by inherent lensing and
focusing properties, for example, in chiral media’’8,
controlling light intensity and polarization in molecular
plasmonics'”®, or nanochemistry applications'®’. Taking
advantage of the capability of adapting the 2D/2D stack-
ing configurations of artificially engineered structures,
such as layers of discs, rods, or resonant structures, the
aforementioned field enhancement properties of meta-
materials/metasurfaces have also been explored in rela-
tion to thermoplasmonics. A broadband solar light
absorber based on Cu metal nanostructure fabricated on
the surface of a Palash leaf aided by pulsed layer deposi-
tion is described in'®". The use of nanoholes within metal
structures is analyzed in'®2, in terms of practical variations
in hole diameter as well as metal layer thickness and non-
ideal conditions given by material properties and/or fab-
rication process. Advances in the use of thermoplasmonic
and photothermal metamaterials in the field of solar
energy are described in'®?, including photonic
crystal-based thermal emitter technology, the use of rare
earth ion—doped luminescent materials or rare earth
ion—doped glass emitters, and semiconductor emitters
with plasmonic nanogratings, among others. Hyperbolic
metamaterials within the NIR-II and NIR-III are descri-
bed in'®*, providing higher temperature increases as
compared to conventional Au nano-disk configurations
for application within biomedical diagnostics. Dynamic
control of metasurface properties within the optical
domain is proposed in'®, aided by the use of liquid crystal
technology, within the 750-770 nm wavelength region.

Microfluidic-based PCR using light-to-heat
conversion

Microfluidic platforms as miniaturized devices have
been employed to integrate several laboratory functions
on a single chip and manipulate small volumes of fluids in
microchannels'®*'®”,  Microfluidic-based  technologies
offer numerous advantages, such as minimal sample
requirements, inexpensive fabrication, adaptability, shor-
tened analysis time, portability, and automation'%'%,
However, at the microscale level, microfluidics has some
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drawbacks, where capillary forces, surface roughness, and
chemical interactions between materials can become
more significant’*>'!, This might lead to experimental
complications that are uncommon with traditional lab
equipment. Furthermore, due to the small scale of
microfluidic devices, the signals generated are typically
very small, and the background noise can be relatively
high'®*!®, This can make distinguishing a signal from the
noise challenging, resulting in inaccurate measurements.
Consequently, to enhance the signal-to-noise ratio and
ensure accuracy, optimizing microfluidic devices and
detection methods is crucial'®*. Despite these challenges,
microfluidics is becoming more popular worldwide, with
the increasing demand for portable, easy-to-use point-of-
care (POC), and compact devices that can perform more
rapid and affordable diagnostic testing'®>'*°. Scientists
have recently shown great interest in integrating micro-
fluidic systems with PCR techniques using light-to-heat
conversion for biology applications to recognize viruses
and bacterial diseases through the amplification of
pathogen molecules''***”'*®, They used light-emitting
diodes (LEDs) as heat sources in microfluid-based PCR
techniques because of their fast heat transfer properties,
low power consumption, and affordable price'°.

A remarkable achievement using an ultrafast photonic
PCR thermal cycler was demonstrated, in which 30
thermal cycles were completed within 5 min with an
ultrafast heating rate of 12.79°C/s and a cooling rate of
6.6°C/s''%. This was made possible by combining a
120 nm-thick Au film, which served as a converter of light
to heat, and LEDs with a power intensity of only 3.5 W, as
the source of heat (Fig. 8a). The thin Au film used in the
experiment was found to have an impressive light
absorption rate of 65% and the ability to rapidly heat the
surrounding medium to 150 °C within just 3 min. While
properties such as low power intensity, high-speed ther-
mal cycling, and the ability for easy incorporation into
existing systems made this method a promising candidate
for POC diagnostic applications, its relatively low ampli-
fication efficiency, which was based on the non-uniform
temperature distribution under a single two-dimensional
heater, needed to be improved. Lee et al. utilized an LED-
driven optical cavity with two thin Au films with different
thicknesses (120/10 nm for the top/bottom film) to pro-
vide a more uniform temperature distribution during PCR
thermal cycling (Fig. 8b)'”’. According to the results, the
temperature distribution of the PCR reagents became
effectively uniform, with a difference of 1.9/0.2°C at
temperatures of 94/60 °C. Additionally, 30 thermal cycles
were rapidly completed within only 4—10 min for different
sample volumes of 1.3—10 uL. Furthermore, this method
successfully amplified nucleic acids (c-MET c¢cDNA), even
at low concentrations of 10~® ng/uL, by 40 cycles of cavity
PCR. This remarkable efficiency was achieved within a
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short time frame of 15 min, highlighting the method’s
potential as a fast and reliable solution for nucleic acid
amplification. Subsequently, they employed a combina-
tion of three techniques on a chip, including filtering,
lysis, and PCR, for rapidly identifying bacterial pathogens
in urine samples (Fig. 8c)'*®. The nanoporous membranes
coated with titanium (Ti) (5 nm) and Au (80 nm) utilized
in this platform have a dual function: they not only con-
centrate bacteria but also function as a photothermal
actuator. Two LEDs with 1 =447.5 nm and P =890 mW
were employed for measuring temperature and testing the
E. coli bacteria in the sample. With remarkable efficiency,
this system achieved bacterial enrichment of up to 40,000-
fold within just 2 min, with a capture efficiency rate of
over 90%. It also provided on-site photothermal lysing and
initial denaturation in just 3 min, followed by nucleic acid
amplification within a further 10 min. Finally, bacterial
pathogens in urine samples were detected in less than
20 min. They successfully detected bacteria at low con-
centrations (10> CFU/mL) using this nanophotonic PCR
system. However, in comparison with a traditional
benchtop thermocycler, their system resulted in a lower
intensity of the specific band (the desired DNA fragment
size). They proposed that this difference in DNA ampli-
fication efficiency may stem from the fact that their sys-
tem relies on a two-stage fast thermocycling method,
which can potentially result in a lower amplification effi-
ciency compared to a more traditional three-step ther-
mocycling method commonly used in benchtop
thermocyclers. Similarly, Lee et al. demonstrated strong
laser energy absorption by the Au-deposited glass fiber
membranes (Fig. 8d)'"’. Glass fibers were selected for the
study due to their superior absorption capacity over other
materials, and the study also investigated mixed-matrix
membranes, nitrocellulose, polyether sulfone, and vivid
plasma membranes with an area of 4 mm? Using 25 rapid
thermal cycles between the solution temperatures of 63 °C
and 95 °C, PCR was completed in 6 min. Next, in 12 min,
the amplified samples on the membrane were successfully
examined using SYBR fluorescent signal assessment. In
another study, a thin 120-nm-thick Au film deposited on a
PMMA substrate was employed to act as the PCR reac-
tion’s heating source®”. Non-homogeneous temperature
distribution in the reaction chamber is one of the primary
disadvantages of certain plasmonic PCR thermal cyclers,
particularly those that utilize a plasmonic film instead of
plasmonic NPs. Therefore, they added TiO, NP suspen-
sions, with a 0.4 nM optimal concentration to solve the
problem of the chamber’s non-homogeneous temperature
by improving the sample’s thermal conductivity. A 10 W
blue LED with a peak wavelength of 447.5nm and a
thermoelectric cooler (Peltier) module make up the
thermal cycler’s heating and cooling components,
respectively. The rates of cooling and heating are 2.65 °C/s
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Fig. 8 Photonic thermocycler with (a) a light-to-heat converter comprised of a thin Au film. Reprinted from ref. ''°, with permission from Springer
Nature; (b) an LED-based system that incorporates two thin Au films into an optical cavity. Reprinted from ref. '®/, with permission from John Wiley
and Sons; () an Au-coated nanoporous membrane. Reprinted from ref. 198 \with permission from the American Chemical Society; (d) Au-deposited
glass fiber membranes. Reprinted with permission from ref. ' Copyright 2022 Elsevier; (e) a microfluidic chip made by joining the HSQ-coated PNAs
substrate to the polydimethylsiloxane (PDMS). Reprinted from ref. 201 with permission from the American Chemical Society; (f) a microfluidic chip
made by joining the HSQ-coated PNAs substrate to the bilayered PDMS. Reprinted from?%?, available under Attribution CC BY-NC-ND 4.0; (g) a plastic-
on-metal (PoM) thin film cartridge made by joining the SiO,-coated PNAs substrate to the Al thin film layer. Reprinted from ref. °°%, available under
Attribution CC BY-NC-ND 4.0; (h) an Au NP coating using PDA***

and 4.44 °C/s, respectively. In 2020, plasmonic nanopillar
arrays (PNAs) were employed for a rapid diagnostics
system (Fig. 8e)*°". The PNAs consist of Au nanoislands
with nanogaps on glass nanopillar arrays (GNAs). In this

study, 500 nm thick hydrogen silsesquioxane (HSQ) resin
was spin-coated onto the PNAs to create a passivation
layer. Since electrically charged Au nanoislands disrupt
the reaction by attracting PCR components like Taq
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Refs.

polymerase, the HSQ layer acts as a dielectric passivation
layer to stop the PCR reaction from being inhibited. They
were able to perform 30 thermal cycles between 98 °C and
60 °C in 3 min and 30 s using a single white LED light as
an excitation source. The nanoplasmonic PCR chip has
also demonstrated the rapid amplification of 1-DNA with
an initial concentration of 0.1 ng/uL in 20 cycles and
complementary DNA (cDNA) with an initial concentra-
tion of 0.1ng/uL in 30 thermal cycles. The PNAs
demonstrate remarkable light absorption with a 2.3-times
increase compared to a thin Au film when exposed to
white LED illumination. Similarly, GNAs containing Au
nanoislands were coated by HSQ for an ultrafast PCR (Fig.
8f)*°2. They obtained a 91% amplification efficiency, a
heating rate of 11.95 °C/s, and a cooling rate of 7.31 °C/s.
In contrast to traditional benchtop qPCR systems, the
overall run time of this system is around 12 times quicker
for 40 cycles of PCR. In another study, after the creation
of nanoisland masks and the formation of nanoplasmonic
substrate (NPS) by heat evaporation of an Au layer
(40 nm) covering the GNAs’ top and sidewalls, silicon
dioxide (SiO,) with a thickness of 500 nm was applied to
reduce the surface roughness (Fig. 8g)*°°. They employed
a plastic-on-metal (PoM) thin film cartridge that consists
of an aluminum (Al) thin film layer, an adhesive layer, and
a polypropylene (PP) layer to improve the heat transition
and the real-time quantification without any spectral
crosstalk during the plasmonic thermocycling. In this
study, the heating and cooling rates of the Al thin film
were 2.9 and 3.2 times faster than those of the plastic-on-
glass (PoG) cartridge, respectively, with a ramping-up rate
of 18.85°C/s and a ramping-down rate of 8.89 °C/s. This
system facilitated rapid molecular diagnosis of COVID-19
within just 10 min, incorporating a 210-second RT pro-
cess and a 400-second amplification process for 40 PCR
cycles. This system exhibited high amplification efficiency
(over 95%), high classification accuracy (over 95%), and
high total percent agreement of clinical tests (over 90%).
In 2024, after coating polycarbonate (PC) with PDA, PEI
was bonded to the substrate to trap the citrate-capped Au
NPs that are negatively charged (Fig. 8h)*°*, Afterward,
the surface coated with PDA, PEI, and Au NPs was then
electrolessly deposited with Au. Next, a closed-chamber
PCR chip was used to successfully amplify a target by
employing a white LED. Using the PDA-mediated tech-
nique for coating in this study, the reaction time was
12 min to replicate 34 PCR cycles.

Table 4 compares papers that employed a plasmonic
mechanism for PCR reactions in microfluidics. Au
nanoislands applied to glass pillars show outstanding
photothermal efficiency and extensive absorption in visi-
ble light areas. It has also shown a significant increase in
both the heating and cooling rates with the maximum
values of 1885°C/s and 12.4°C/s, respectively.
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Table 4 Characteristics of photonic thermocyclers on microfluidic systems
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Shamsian et al. Microsystems & Nanoengineering (2025)11:127

Nevertheless, the Au layers in these investigations were
created utilizing costly equipment-intensive physical
deposition methods (electron beam evaporation or ther-
mal evaporation). The Au NP coating using PDA is more
applicable in a wider range of scenarios because it does
not require costly equipment, unlike physical deposition
approaches.

Conclusion

In summary, we presented a detailed review of nanoPCR,
photothermal PCR, and on-chip photothermal PCR appli-
cations. The PCR system has incorporated various classes of
nanomaterials to date, significantly reducing reaction time,
expanding the annealing temperature range, increasing
product yield and amplification efficiency, enhancing
detection sensitivity, reducing non-specific products, and
improving the detection rate. For instance, Au NPs with
size ranges of 1-100 nm are the most commonly used metal
NPs in PCR. They were found to have a sensitivity up to
1000-fold greater than conventional PCR. The maximum
optimal concentration of Au NP used in the PCR process is
04 mM. They could enhance the detection rate to
approximately 77%. Studies have shown that TiO,-based
nanoPCRs, at optimal concentrations of 0.2 g/L and 0.4 nM,
can significantly reduce the overall PCR time by up to 50%.
Introducing SWCNTs and MWCNTSs with an optimal
concentration of 1 g/L to PCR reagents was determined to
be a suitable option to increase the efficiency and specificity
of long PCR (14.3 kb). SWCNTs were also found to
increase the PCR yield with an optimal concentration of 3
g/L. Fe;O, NPs with a very low optimal concentration of
0.72 x 10> nM were reported to result in a 190% increase in
the PCR yield compared to the PCR reaction without NPs.
ZnO nanoflowers and SCM are another type of NP, char-
acterized by a larger size (1 gm), which increase the sensi-
tivity and specificity of the PCR process. The unique
photothermal properties of NPs and their physicochemical
properties can enable scientists to progress in robust, por-
table, and ultrafast PCR at the POC level. To date, NPs such
as metals, semiconductors, and carbons have demonstrated
different ranges of photothermal efficiencies for various
applications based on their materials, morphology, and size.
Using plasmonic localized heating in metals, non-radiative
relaxation in semiconductors, and thermal vibration of
carbon molecules, PCR applications have achieved rapid
and efficient amplifications. Considering the heating rate,
cooling rate, and total PCR time as main factors in PCR, the
Au nanorod with dimensions of D =10 nm and L =41 nm
is better than the rest with a significant margin. Besides,
carbon nanostructure-based PCRs perform better than
semiconductors in terms of thermal cycling time.
Microfluidics-based PCRs have utilized certain metallic NPs
to take advantage of plasmonic -controlled heating.
Nevertheless, the extensive capacity for effective conversion
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of light into heat and the utilization of NPs in PCR remain
largely untapped. This is an opportunity to enhance the
microfluidic PCR by including a wide range of advanced
nanomaterials, thereby satisfying the need for the devel-
opment of ultrafast PCR.

Microfluidics-based PCRs have recently utilized only a
limited number of metals with plasmonic localized heat-
ing. Despite the advantages of light-to-heat conversion
and the photothermal efficiencies of NPs, only a limited
number of devices use light-to-heat conversion in
microfluidics systems. Integrating photothermal effects
and microfluidic fields for PCR will be essential to over-
come existing challenges. Most of the applications are
adopted with Au NPs for thermal cycling, but we have
observed that even carbon NPs have shown a significant
photothermal conversion efficiency, and they are bio-
compatible, easy to fabricate, and inexpensive. These
attributes suggest that the application of carbon-based
nanomaterials could be of potential advantage for thermal
cycling in the future. In order to immobilize and create
metal NPs that allow photothermal heating of surfaces,
intermediate layers can be substituted for expensive,
equipment-intensive physical deposition techniques like
thermal evaporation or electron beam evaporation, which
are not accessible to all researchers.
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