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Multiscale microfluidic platform with vacuum-
driven chambers for automated high-volume
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We present a multiscale microfluidic platform for automated high-volume single-stranded DNA (ssDNA)
generation through plasmonic bead-based PCR. Central to the system are vacuum-driven chambers
capable of handling fluid volumes in the tens of microliters—at least an order of magnitude larger than
conventional microfluidic chambers. These chambers are seamlessly integrated with microfluidic
components such as micromixers and pneumatically actuated microvalves, enabling precise fluidic
transport in processing high volumes. This architecture overcomes limitations of pressure-driven flow in
exchanging fluids in deep geometries. Direct vacuum access to these chambers improves fluid handling
efficiency while reducing hardware complexity. We demonstrate the platform's capabilities through
automated ssDNA preparation where plasmonic thermocycling is achieved via volumetric heating using
gold nanorods dispersed in the reaction mixture. Magnetic beads functionalized with reverse primers
facilitate selective amplification and effective strand separation. Despite the large reaction volume (20 plL),
20 PCR cycles are completed within 12 minutes. Fluorescence-based assays confirm 66% recovery of
ssDNA from the beads, with 92% retention of complementary strands, indicating minimal contamination by
double-stranded DNA (dsDNA). This multiscale integration of vacuum-driven chambers with microfluidic
control offers a scalable and automated platform for preparative applications where high-volume
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1 Introduction

Single-stranded DNA (ssDNA) is commonly used in molecular
biology and biotechnology serving as a template in techniques
such as pyrosequencing and solid-phase DNA sequencing."” It
is also instrumental in single nucleotide polymorphism and
single-strand conformation polymorphism analysis.> In gene
editing, ssDNA acts as a guide template for homologous
directed repair within the CRISPR-Cas9 system.® In diagnostics
and sensors, ssDNA is employed as a capture probe, selectively
binding to targets like viral RNA or proteins, thereby enabling
efficient and precise biomarker detection and quantification.
This specificity significantly enhances the utility of ssDNA in
microarrays,” ® gene sensors,'’ and biosensors."*™* In methods
like rolling circle amplification'*’® and loop-mediated
isothermal amplification,'®"” ssDNA works with nanomaterials
to amplify signals. In addition, ssDNA is utilized in fluorescent
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in situ hybridization to locate specific DNA or RNA
sequences.'® Furthermore, ssDNA plays a pivotal role in the
in vitro aptamer selection process, particularly in systematic
evolution of ligands by exponential enrichment (SELEX).*
These ssDNA aptamers can then be applied in diverse fields
such as biosensing,®" targeted drug delivery,>* and molecular
diagnostics.>® Thus, the generation of high-quality ssSDNA is
essential for ensuring the accuracy and reliability of these
applications.

The most common technique for generating ssDNA,
namely heat and cool, involves heating double-stranded DNA
(dsDNA) to break the hydrogen bonds that hold the strands
together. This is followed by a cooling step to stabilize the
dissociated strands. However, this approach suffers from low
efficiency and reproducibility.>* ssSDNA can also be generated
by selectively digesting unwanted strand of a dsDNA using
enzymes such as lambda or T7 exonuclease, leaving behind
the desired ssDNA.>>*® This method is highly dependent on
the efficiency of 5-end phosphorylation of the strand;
incomplete degradation of the phosphorylated strand can
lead to the accumulation of residual double-stranded DNA in
the reaction mixture. This, in turn, can compromise the
efficiency of downstream purification steps such as phenol/
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chloroform extraction or PAGE, which are typically required
but are limited by their complexity and low separation
efficiency.

Another common technique for generating ssDNA involves
PCR in the presence of a biotinylated and a non-biotinylated
primer. Non-biotinylated ssDNA can then be released by heat or
alkaline denaturation from the biotinylated dsDNA amplicons
after being captured on streptavidin-coated magnetic beads.*”
Alternatively, non-biotinylated ssDNA can be recovered from
urea gels following electrophoresis, after being well separated
from the slower-migrating streptavidin-biotinylated-ssDNA
complex.”® However, these approaches face the loss of a large
amount of ssSDNA. Asymmetric PCR* generates ssDNA by using
a higher concentration of primer for the target strand. However,
this method is rather inefficient and unpredictable. Additionally,
it necessitates the isolation of ssDNA from dsDNA that is also
produced in the process until the primer of lower concentration
is depleted. While these issues can be mitigated by using linear-
after-the-exponential (LATE)-PCR,***' this approach deals with
intricate optimization of the limiting and excess primer design.

On-bead or bead-based PCR is an effective way of producing
ssDNA in various applications, including DNA sequencing,®**?
pathogen detection,**** and protein screening.’® As a variant of
PCR, this method involves the immobilization of primers on
beads, facilitating the amplification of multiple copies of DNA
template that are tethered to these beads. Shendure et al
achieved efficient and high-precision genome sequencing by
amplifying DNA polymers (called polonies) on beads.*> McEvoy
and colleagues used the method to enhance the output of pre-
captured libraries for next-generation sequencing.* Lermo et al.
enhanced the detection sensitivity and speed of pathogenic
genomes.** Hilton et al. developed a microfluidic platform that
integrates bead-based PCR for the rapid detection of Bordetella
pertussis DNA.>> Kojima et al used it for enabling efficient
screening of transcription factor target genes.*®

While PCR, especially bead-based PCR can be employed to
generate sSDNA, the process typically requires several hours due
to slow thermocycling. Additionally, contaminations arising
from the manual operations including sampling, separation,
elution, and collection may lead to poor results. Thermocycling
can be accelerated to just minutes when performed on a
microfluidic chip. This approach also offers automation and
integration with other components. Numerous demonstrations
have showcased various chips and strategies for thermocycling,
ranging from Joule heating to radiative heating, with plasmonic
photothermal heating emerging as the most recent innovation.
Plasmonic photothermal heating leverages surface plasmon
resonance in irradiated noble metals. Initially applied to PCR
using gold nanoparticles in glass tubes,?” later adaptations for
chip-scale demonstrations have shifted to gold metal films.*®
This shift has resulted in the loss of key advantages offered by
nanoparticles, such as simplified chip fabrication and extremely
rapid PCR, despite accommodating larger sample volumes. The
surface heating provided by metal films as opposed to the bulk
heating from nanoparticles limits the chamber volume to
ensure the temperature uniformity. While a small chamber is
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beneficial for analytical applications—where minimizing
sample and reagent volumes reduces costs—it poses challenges
for preparative applications that require high throughput for
downstream use, such as the generation of ssDNA.

Here, we present the concept of vacuum-driven chambers
integrated into a microfluidic platform to enable the handling
of increased fluid volumes through microchannels. This
approach leverages the automation and precision of
microfluidics while overcoming the volume constraints typical
of conventional systems. Additionally, it cuts down the number
of pumps required to deliver multiple samples and reagents
through microchannels. Performing PCR in these chambers
effectively bypasses air bubbles observed during thermocycling.
The utility of the concept is showcased on the generation of
ssDNA using plasmonic bead-based PCR enabled by gold
nanorods (AuNRs). Given high volume capacity of vacuum-
driven chambers, AuNRs are particularly well-suited for
enabling uniform volumetric heating across tens of microliters,
thereby overcoming the thermal limitations of surface-heated
thin films. Additionally, AuNRs, compared to other plasmonic
nanoparticles offer superior photothermal conversion efficiency
due to their high absorption-to-extinction ratio, tuneable
longitudinal plasmon resonance in the near-infrared region,
and favourable aspect ratio, which collectively enable efficient
volumetric heating.***!

2 System

Fig. 1a illustrates the fluidic layout of the system featuring three
vacuum-driven chambers alongside six vacuum-activated
microvalves for fluidic control and automation. The layout
includes a spiral micromixer to effectively mix ssDNA template
and master mix containing forward primers and AuNRs as they
are transported from respective reservoirs into a vacuum-driven
chamber designated for PCR. The remaining two vacuum-
driven chambers are designated for collecting ssDNA amplicons
and waste. The layout also includes additional reservoirs for
sourcing magnetic beads and elution buffer containing AuNRs,
which are used to enable plasmonic heating for thermal
denaturation of dsDNA amplicons.

The system consists of four layers as illustrated in Fig. 1a,
all defined in polydimethylsiloxane (PDMS): (1) A fluidic layer
with microchannels for transporting liquids; (2) a membrane
layer that deforms under pneumatic pressure to activate the
microvalves that are normally closed; (3) a pneumatic layer
with through-holes defining the reservoirs as well as vacuum-
driven chambers along with microchannels that deliver
suction to activate the microvalves; and (4) a capping layer
that encloses the chambers and incorporates microchannels
for applying either vacuum or atmospheric pressure to drive
fluid movement in or out of the chambers. The capping layer
also contains through-holes that contribute the reservoir
structures.

The system operation involves: (1) loading the PCR chamber,
(2) introducing magnetic beads, (3) performing plasmonic PCR,
(4) removing waste and executing purification washes, and (5)

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Schematics describing (a) microfluidic system for high-throughput generation of ssDNA, (b) system operation key steps and (c) plasmonic bead-
based PCR implemented within the system. (a) System fluidic layout and exploded view of the structure. (b) Cross-sectional illustrations describing key
steps: (i) the loading of magnetic beads into the vacuum-driven PCR chamber after the loading of a mixture of ssDNA template and master mix containing
AuNRs; (i) pulsed laser irradiation of the chamber from below during bead-based plasmonic PCR; (iii) the elution and collection of amplified ssDNA after
the removal of the waste by a purification wash and then the thermal (plasmonic) denaturation release of ssDNA. The arrowheads next the pneumatic
ports point at the suction direction while their absence indicates the application of atmospheric pressure. (c) Illustrations describing first and second
cycles of plasmonic bead-based PCR and subsequent purification wash and plasmonic thermal release of ssDNA.

thermally eluting ssDNA. The entire process is programmable
and fully automated, including the coordinated control of the
vacuum-driven chambers and microvalves, laser source, cooling
fan, and magnet drive. It begins with the application of vacuum
to the PCR chamber to load a mixture of ssDNA template and
master mix that also contains AuNRs along with forward
primers, while activating microvalves V1 and V2. Applying the
vacuum to the PCR chamber, magnetic beads immobilized with
reverse primers are then introduced by activating microvalve V3.
Subsequently, plasmonic bead-based PCR is performed by
alternatingly pulsing a laser irradiating the chamber from below
and a cooling fan directed at the chamber side. This leads to
the accumulation of dsDNA amplicons on the beads. A strong
magnet is held near the chamber to immobilize the beads
during cleanup and elution. The chamber contents, excluding
the beads, are removed by applying vacuum to the waste
chamber with microvalve V5 activated. Subsequently, the beads
are washed three times using an elution buffer containing
AuNRs. Each wash cycle involves applying vacuum to the PCR
chamber with microvalve V4 activated to fill it with the buffer,
followed by applying vacuum to the waste chamber to evacuate
the buffer with microvalve V5 activated. Finally, a brief laser
pulse is applied for plasmonic heating, thermally denaturing
the bead-bound duplexes and releasing ssDNA into solution.

This journal is © The Royal Society of Chemistry 2025

The released ssDNA is then eluted into the collection chamber
by activating microvalve V6. The core steps of this automated
workflow—including bead loading, plasmonic PCR, and
thermal elution—are schematically illustrated in Fig. 1b.

Plasmonic bead-based PCR and the subsequent thermal
denaturation of dsDNA amplicons are described in Fig. 1c.
Reverse primers with biotinylated 5" ends are immobilized on
streptavidin-coated magnetic beads. In the initial thermal cycle,
these primers anneal to ssDNA templates and are extended to
form complementary strands. In subsequent cycles, the ssSDNA
templates are released and re-anneal to fresh reverse primers,
while forward primers bind to the complementary strands and
are extended, amplifying the ssDNA templates. This cyclic
process results in the accumulation of dsDNA amplicons
tethered to the beads via the reverse primers. Upon plasmonic
heating, thermal denaturation releases the ssDNA strands,
which are then collected for downstream applications.

3 Theory

The PCR chamber temperature reaches a steady-state value,
Tss, as the rate of heat input, Q;,, due to the laser irradiation
balances the rate of heat loss, Qg to the exterior at a
constant ambient temperature of T,y,,. Under steady-state
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conditions, the chamber is assumed to exhibit a uniform
temperature distribution.

The rate of heat input due to the laser irradiation of the
chamber content containing AuNRs can be expressed as:

Qin =11 = 107%)y 1)

where I is the incident laser power, 5 the photothermal
conversion efficiency, and A, the solution absorbance at the
laser wavelength A (808 nm) according to Beer-Lambert's Law.

The rate of heat loss primarily through thermal conduction
and convection can be expressed as:

Qext = USeff[Tss - Tamb] (2)

where U is the overall thermal conductance and S.¢ the effective
heat transfer area.

The thermal behaviour of the chamber is governed by the
heat balance equation:

dr
Z miCp.i E = Qin - Qext (3)

where m; and ¢, are the mass and specific heat capacity of
the chamber elements, mainly including the liquid and the
chamber wall segments over which thermal conduction takes
place, T the temperature, and ¢ time.

At steady state, temperature is constant and Qj, and Qex
balance each other. Rearranging the equations yields an
expression for the photothermal conversion efficiency:

_ USeff(Tss __Tamb) (4)
I(1-107%)

Here, the only unknown is the product US., but can be
determined from cooling dynamics (the measured cooling
time constant) as described below.

During the cooling phase, the laser is turned off, so there
is no external energy input (Qi, = 0). Eqn (3) simplifies to:

dr
Z m,‘Cp_ia = _USeff(Tss - Tamb) (5)
i

Integrating both sides of eqn (5) yields an exponential
decay in temperature over time, characterized by a time
constant of z;. This constant can be extracted from the slope
of a linear fit of ¢ versus -In(#), where 6 is the measured
temperature 7 over time ¢, normalized according to:

T-T
0— amb (6)
Tss = Tamb
Using g, the product term can be calculated as:
MiCp i
USeft = 7thl B 7)
S
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Substituting this into eqn (4) allows for the determination
of the photothermal conversion efficiency #.

4 Methods

Reagents and materials

FAM-labelled forward primer, biotin-labelled reverse primer
as well as 80 nt ssDNA template were synthesized by
Integrated DNA Technologies (Coralville, 1A), respectively, as
(5'-FAM-GGAACTACATGAGAGTAAGC-3), (5"-biotin-CTACCT
ACGATCTGA CTAGC-3'), and (5-CTACCTACGATCTGACTAG
CGATGTAGGCCAT CCTGTGGGGGTACGGGGCGGGCTGTG
GTGCTTACTCTCATGTAGTTCC-3').  Streptavidin-coated 2.8
pum magnetic beads were purchased from Invitrogen
(Carlsbad, CA). KOD One™ PCR Master Mix, containing KOD
polymerase, dNTPs, and Mg>", was obtained from TOYOBO
(Osaka, Japan). PCR polymer functionalized AuNRs (PCR-808-
DIH-50-1) with dimensions of 10 nm in diameter and 41 nm
in length were sourced from Nanopartz (Loveland, CO). The
binding buffer for bead functionalization consisted of 10 mM
Tris-HCI (pH 7.5), 1 mM EDTA, and 2 M NaCl, purchased
from Sigma-Aldrich (St. Louis, MO). Elution buffers included
ultrapure distilled water (Thermo Fisher Scientific, Waltham,
MA), 10 mM Tris-HCl (pH 8.0; Sangon Biotech, Shanghai,
China), 2.5 mM Tris-HCI (pH 7.5; Thermo Fisher Scientific),
or TGK buffer, which consisted of 125 mM Tris-HCIl, 960 mM
glycine (Sigma-Aldrich), and 25 mM KH,PO, (Avantor,
Radnor, PA), adjusted to pH 8.3. The PDMS membrane (300
pm thick) was sourced from Westru (Hangzhou, China).
Agarose and SYBR™ Safe DNA Gel Stain were purchased
from Invitrogen, while the DNA loading buffer was obtained
from Yeasen (Shanghai, China). PDMS was obtained from
Dow Corning (Sylgard 184, Midland, MI).

Hardware

A set of solenoid valves (LHDA0533115H, The LEE Company,
Westbrook, CT) supplied from a mini pump (CJWP08-
AB03A10, Conjoin, Xiamen, China) was used to control
fluidic transport by switching pneumatic lines between
atmospheric pressure and vacuum. Thermal cycling relied on
alternating plasmonic heating via 808 nm laser illumination
at 0.28 W mm™> (Arm Laser, Shenzhen, China) and forced
convection via a cooling fan (AFB0512MA, Delta Electronics,
Taipei, Taiwan). Plasmonic heating was also used for thermal
elution of ssDNA from beads. Temperature was monitored
and calibrated with a K-type thermocouple (Omega
Engineering, Norwalk, CT) immersed in the reaction mixture.
An SG90 micro servo (TowerPro, Taipei) with a 180° rotation
range was controlled by program to manipulate the magnet,
thereby immobilizing the magnetic beads for the ssDNA
elution steps. All hardware components were managed by a
microcontroller board (Arduino Mega, Ivrea, Italy), which
implemented a custom PID control algorithm for heater
regulation based on thermocouple feedback (Fig. S1).

This journal is © The Royal Society of Chemistry 2025
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Simulations

Transient thermal simulations were conducted using
COMSOL Multiphysics v6.3 (COMSOL Inc., Burlington, MA)
on a three-dimensional model illustrated in Fig. S2 The
system time constant, derived from a cooling experiment
(Fig. S3), was used to calculate the photothermal conversion
efficiency. The convective heat transfer coefficient during
forced cooling was determined using equations provided in
the SI. Parameters and material properties used are listed in
Tables S1 and S2.

Fabrication

The system was fabricated based on multilayer soft lithography
with key process steps illustrated in Fig. S4. Templates for the
fluidic, pneumatic, and capping layers were patterned on 4 inch
silicon wafers via UV photolithography and dry etching. The
fluidic and pneumatic layers contained 60 pm-deep channels
while the capping layer incorporated channels with a depth of
100 um. To facilitate PDMS release, the wafers were silanized
overnight using chlorotrimethylsilane. PDMS base and curing
agent were mixed at a 10:1 ratio and then degassed to
eliminate bubbles. For the fluidic layer, the mixture was spin-
coated onto the template at 500 rpm for 25 s to achieve a
thickness of approximately 200 pum, followed by curing at 120
°C for 10 min. For the pneumatic and capping layers, the
mixture was poured directly onto their respective templates,
with volumes adjusted to yield final thicknesses of 7 mm and 5
mm, respectively. After curing, the layers were carefully peeled
off from the templates. Reservoir and pneumatic port holes
were then punched into the pneumatic and capping layers
using 3 mm- and 1 mm-diameter punchers, respectively. The
pneumatic and fluidic layers were then aligned and bonded
using oxygen plasma surface activation, with a 300 pm-thick
PDMS membrane sandwiched in between, followed by baking
at 120 °C for 10 min to enhance the bonding strength. Finally,
the capping layer was aligned and placed atop the pneumatic
layer without permanent bonding to complete the multilayer
structure.

Magnetic beads

A 50 pL aliquot of streptavidin-coated magnetic beads were
taken from the stock, and the supernatant was removed. The
beads were washed three times with deionized water and
then resuspended in 50 pL of binding buffer (10 mM Tris-
HCI, pH 7.5, 1 mM EDTA, 2 M NaCl) containing 2 pL of 100
uM biotinylated reverse primer. The suspension was
incubated overnight to allow immobilization of the primer
onto the bead surface for subsequent amplification.

Bead-based plasmonic PCR

Bead-based plasmonic PCR was performed in a partially filled
reaction chamber with a diameter of 3 mm and a total height
of 7 mm, containing a 3.0 mm-high column of PCR mixture
topped by an air phase. The mixture included: 10 puL of 2x

This journal is © The Royal Society of Chemistry 2025
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KOD One™ PCR Master Mix, 0.6 puL of 100 uM forward
primer, 5 pL of ssDNA template, 0.9 pL of 60 nM AuNRs, and
60 pg of primer-functionalized magnetic beads. The system
was mounted on a 3D-printed stage, ensuring precise
alignment between the PCR chamber and laser beam with a
spot diameter of approximately 3 mm directed at the
chamber bottom. The fan was positioned on the stage to
deliver directed airflow during the cooling phase. Real-time
temperature  monitoring was achieved using the
thermocouple inserted into the PCR mixture. Each thermal
cycle consisted of denaturation at 90 °C followed by
annealing and extension at 47 °C, repeated for 20 cycles.
During the wash and elution steps, a strong magnet was
placed adjacent to the PCR chamber to immobilize the
magnetic beads. Initially, the reaction mixture was removed by
applying vacuum to the waste chamber while activating valve
V5. The wash step involved introducing elution buffer
containing 2.5 nM AuNRs into the PCR chamber by applying
vacuum while activating valve V4, followed by removal into the
waste chamber through valve V5. This wash cycle was repeated
three times. After washing, the PCR chamber was filled with a 6
pL of elution buffer. Thermal elution of ssDNA was then
performed via plasmonic heating, followed by transferring the
released ssDNA in the elution buffer into the collection
chamber by applying vacuum while activating valve V6.

ssDNA analysis and validation

Eluted ssDNA products were analyzed by 3% agarose gel
electrophoresis run at 110 V for 35 min to evaluate elution
efficiency. A 10 uM stock solution of 80 bp ssDNA was used
as a size marker. Concentration and purity were measured
using a NanoDrop microvolume spectrophotometer (Thermo
Fisher Scientific) via UV-vis absorbance at 260 nm.

Validation of ssDNA release was performed via fluorescence
imaging of beads under identical microscope settings using an
epi-fluorescence microscope equipped with a 50x objective lens
(Nikon, Tokyo, Japan). Fluorescence intensities were quantified
using Image] software (NIH). Following on-chip amplification,
beads were collected into an Eppendorf tube and washed three
times with ultrapure water to remove residual reagents. Imaging
at this stage established the baseline fluorescence signal. Beads
were then reintroduced into the PCR chamber for thermal
elution at 80 °C for 40 s in 10 mM Tris-HCI buffer (pH 8.0).
Post-elution imaging was conducted to evaluate residual
fluorescence, indicating ssDNA release efficiency. To further
confirm the presence of complementary strands, the same
beads were incubated for 2 h at room temperature in an
Eppendorf tube containing 2 pL of 100 pM fluorescently
labelled forward primers and 8 pL of 35 mM MgCl,. Following
three wash cycles with ultrapure water, fluorescence imaging
was performed to assess hybridization, confirming whether the
eluted products were predominantly single-stranded.
Additionally, a fresh batch of 60 ng beads functionalized with
reverse primers was incubated for 12 h at room temperature
with the eluted products in a 10 uL mixture containing MgCl,.
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After washing cycles, fluorescence imaging and analysis were
performed under identical conditions.

ssDNA quantification

A calibration curve was established to correlate fluorescence
intensity with ssSDNA concentration. ssSDNA solutions ranging
from 0.01 pM to 50 uM were prepared in 10 pL reaction
volumes containing 35 mM MgCl, and mixed with 60 pg of
beads functionalized with reverse primers in Eppendorf
tubes. The mixtures were incubated at room temperature for
1 h. Following incubation, the beads were washed three times
with ultrapure water to remove unbound ssDNA.
Fluorescence imaging was performed on the beads, and the
images were analyzed using Image] software (NIH) to
quantify fluorescence intensity. All measurements were
performed in triplicate. A logistic function was fitted to the
full concentration range (0.01-50 uM), while a linear
regression model was applied to the low-concentration range
(0-1 uM) to enhance sensitivity. The resulting calibration
curve was used to determine ssDNA concentrations from
fluorescence intensities.

5 Results and discussion
Thermal simulations

Given the relatively large volume capacity of a vacuum-driven
chamber—typically an order of magnitude greater than that
of systems—makes
heating for consistent reaction performance particularly

conventional microfluidic uniform
challenging. Surface plasmonic heating via thin-film metals
positioned at the chamber bottom is likely ineffective for
such large volumes. In contrast, volumetric plasmonic
heating via AuNRs throughout the chamber offers a more
effective solution, enabling uniform thermal distribution.
Fig. 2a illustrates this through simulated temperature profiles
comparing these two heating approaches—volumetric
heating via AuNRs and surface heating via thin-film Au—at
the denaturation (90 °C) and annealing/extension (47 °C)
stages. Along the chamber height, surface heating leads to a
sharp temperature drop away from the heated bottom. In
contrast, AuNR-based volumetric heating maintains a more
consistent temperature, with a difference of 8.7 °C during
denaturation and 2.4 °C during annealing/extension (Fig. 2b).
Fig. 2c compares experimentally measured and simulated
peak temperature profiles over time for a single thermal
cycle. The deviation between experimental and simulated
data remains within 3%. This close agreement validates the
simulation model.

Thermal cycling characteristics

Fig. 3 illustrates the thermal cycling characteristics of bead-
based plasmonic PCR under laser irradiation across various
concentrations of AuNRs. In Fig. 3a, the temperature profiles
over 20 amplification cycles are presented following an initial
pre-heating step. Each cycle includes a denaturation phase at
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Fig. 2 Numerical simulation results. (a) Temperature distributions
across the chamber plane along the axis of symmetry for two
configurations: plasmonic heating via AuNRs dispersed within the
chamber (left) and thin-film Au coating on the chamber bottom (right).
Results are shown for a peak temperature of 90 °C (above) and 47 °C
(below). (b) Corresponding temperature profiles along the axis of
symmetry for each configuration. (c) Comparison between simulated
and experimentally measured temperature profiles for plasmonic
heating via AuNRs.

90 °C and an annealing/extension phase at an optimized
temperature of 47 °C (Fig. S5). At a concentration of 0.5 nM
AuNRs, the full set of 20 thermal cycles is completed in
under 17 min. This duration drops below 12 min with the
use of 2.5 nM AuNRs. However, further increasing the
concentration to 9 nM yields only a marginal improvement,
with the total cycling time approaching 10 min (Fig. 3b). This
can be attributed to the influence of particle concentration
on radiative transfer.”> Increasing AuNR concentration
beyond a certain point limits laser penetration into the bulk
solution as most of the energy is absorbed or scattered near
the illuminated surface. These results suggest that 2.5 nM
AuNRs offer an optimal balance between performance and
material efficiency, enabling rapid thermal cycling without
excess material usage.

Heating and cooling rates are defined as the temperature
change divided by the corresponding time interval during

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Thermal «cycling characteristics at different AuNR

concentrations. (a) Temperature profiles over 20 cycles. (b) Total
runtime values (n = 5). (c) Average heating and cooling rates (in
triplicates). (d) Representative temperature profile over a cycle with 2.5
nM AuNRs along with the exponential fittings. The chamber contains a
21.5 pL PCR mixture with 60 pg magnetic beads and varying AuNR
concentrations.

their respective phases. As shown in Fig. 3c, the average
heating rate increases with AuNR concentration, peaking at
16 °C s™" at 9 nM, whereas the cooling rate remains relatively
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constant at approximately 2 °C s ' across all tested
concentrations. The temperature profile for a single cycle at
2.5 nM AuNRs (Fig. 3d) reveals exponential heating and
cooling behaviours, characterized by time constants of 3.4 s
and 11.4 s, respectively. Furthermore, varying the bead
amount, either by increasing to 90 pg or reducing to 10 pg,
has a negligible impact on heating and cooling dynamics
(Fig. S6), indicating robustness of the thermal cycling
performance to bead quantity.

Impact of bead amount

Although bead amount has minimal impact on thermal cycling
performance, it plays a critical role in PCR efficiency due to its
function as a carrier for surface-bound primers. Insufficient
bead amounts lead to low product yield while excessive
amounts can also reduce yield primarily due to bead
aggregation, which limits primer accessibility and may obstruct
microchannels. Fig. 4a presents fluorescence microscopy
images of representative beads used in varying amounts during
a 20-cycle plasmonic PCR within the chamber followed by a
purification wash. Strong fluorescence intensity indicates high
accumulation of dsDNA amplicons on the bead surfaces.
Fluorescence intensity increases with bead amount, peaking at
60 pg, after which a slight decline is observed (Fig. 4b). This
peak corresponds to optimal availability of reverse primers
while the subsequent drop is attributed to aggregation-induced

(a) _10pg

30 ug

60 pg
90 pg

b) o4

3 Fluorescence intensity 10.8
é“ —— Concentration of released ssDNA g
203 0.6 2
] =
.8 .S
8 0.2} 04 E
3 2
2 0.1 02§
g &}
* 00 0.0

10 30 60 90 120
Amount of beads (ug)

Fig. 4 Impact of bead amount on the results of 20-cycle PCR. (a)
Fluorescence microscopy images (50x) of beads used in various
amounts captured after a purification wash. Scale bars: 40 pm. (b)
Normalized fluorescent intensity of the beads, quantified using ImageJ,
plotted against bead amount, along with the concentration of eluted
ssDNA in 6 L of elution buffer, measured by UV-vis at 260 nm (n = 5).
The chamber contains a 21.5 pL PCR mixture with 2.5 nM AuNRs
irradiated by an 808-nm laser (0.28 W mm™).
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reduction in accessible surface area, impairing annealing
efficiency. Another contributing factor could be the bead and
template imbalance; as bead amount increases without a rise in
template concentration, fewer beads successfully capture and
amplify template, resulting in diminished signal intensity.
Despite this decrease in fluorescence beyond 60 pg, the
concentration of ssDNA recovered after thermal -elution
continues to rise with bead amount (Fig. 4b). This trend is
reasonable as a fixed elution volume (6 pL) extracts more sSDNA
from a larger number of beads, even though individual beads
contribute less indicated by reduced fluorescence.

Amplification efficiency

Amplification curves are commonly used to assess the target
amplification efficiency. However, in this system, real-time
fluorescence monitoring during thermal cycling is hindered by
the background signal from fluorescently labelled forward
primers, which are present in excess. This interference prevents
accurate derivation of amplification curves from individual
reactions. Reconstruction of these curves for each template
concentration becomes feasible through repeat reactions, each
involving a fresh batch of beads and a varied number of cycles,
with bead fluorescence quantified post-purification following
the final cycle, rather than monitored in real time. Fig. 5a
displays reconstructed curves, each generated by fitting a
sigmoid function to a data set corresponding to a specific
template concentration, with bead fluorescence quantified
following a purification wash. The cycle threshold (C,) plot is
shown in Fig. 5b, where C; values are the cycle numbers at
which fluorescence exceeds a baseline threshold of 0.063
(determined based on the background signal level observed in
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Fig. 5 (a) Amplification curves of template DNA at varying
concentrations. (b) Standard curve plotting C; values against
logarithmic template concentrations.
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no-template controls). These values demonstrate a theoretically
expected inverse linear relationship with the logarithm of the
initial template concentration. A linear fitting yields a slope of
-3.45 with an R® value of 0.949, indicating an amplification
efficiency of 95%.

ssSDNA release and elution

ssDNA can be released after a purification step by denaturing
surface-immobilized duplex accumulated on beads through
either alkaline wash or heating. In this study, heat-based
elution is applied, leveraging plasmonic heating, as alkaline
conditions may promote biotin dissociation and unintended
duplex release. Fig. 6a presents gel electrophoresis results of
eluted products following thermal treatment at 40 °C, 60 °C,
or 80 °C for 40 s. In all cases, a single band corresponding to
80-nt ssDNA appears, indicating that no detectable duplex
was released. Furthermore, increasing the elution
temperature enhances ssDNA recovery, likely due to more
effective denaturation of duplexes at higher temperatures.
Based on these findings, 80 °C was selected as the elution
temperature for subsequent buffer comparison.

The choice of buffer can markedly influence both the
efficiency of ssDNA elution and its compatibility with
downstream use. Fig. 6b presents gel electrophoresis results
of the eluted ssDNA under four different buffer conditions:
ultrapure water, 10 mM Tris-HCI (pH = 8), 2.5 mM Tris-HCl
(pH = 7.5), and TGK buffer. All four buffers yield single bands
of similar intensity, corresponding to 80 nt ssDNA, indicating
high purity and effective elution. These results confirm that
each buffer is suitable for ssDNA recovery, with potential
selection guided by downstream application.

ssDNA validation and recovery efficiency

It is essential to confirm that eluted products are indeed sSDNA,
rather than duplexes, and to assess ssDNA recovery efficiency.
Fig. 7a shows fluorescent intensity measurements from bead-

Fig. 6 Gel electrophoresis analysis of ssDNA eluted from beads
following thermal denaturation (40 s) under varying temperature and
buffer conditions. Lane 1 displays the 80 nt ssDNA template band used
as a reference. (a) Elution at different temperatures using 10 mM Tris—
HCL (pH 8.0) as the buffer. Lane 2: 40 °C; lane 3: 60 °C; and lane 4: 80
°C. (b) Elution at 80 °C using different buffers. Lane 2: ultrapure water;
lane 3: 2.5 mM Tris-HCl (pH 7.5); lane 4: 10 mM Tris-HCl (pH 8.0); and
lane 5: TGK buffer.
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Fig. 7 ssDNA throughput and recovery. (a) Fluorescence intensity
measurements from bead-bound DNA across four conditions: post-
PCR beads before elution (i), after thermal elution (ii) followed by
incubation with fluorescence-labelled forward primers (iii), and fresh
reverse-primer beads incubated with collected elution products (iv). (b)
Calibration curve generated from reverse-primer beads incubated with
known ssDNA concentrations. (c) Dynamic region of the calibration
curve with linear fitting used to determine the concentration of ssDNA
corresponding to the measured fluorescence intensities from beads.

bound DNA. A comparison between post-PCR beads (20 thermal
cycles) before (i) and after elution (ii) following a 40 s thermal
treatment at 80 °C reveals a substantial decrease in
fluorescence, indicating effective release of labelled strands.
Subsequent incubation of the same beads with labeled forward
primers yields a fluorescence increase to a level (iii) that nearly
matches the original intensity, suggesting that complementary
strands remain bead-bound and that the eluted products are
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predominantly ssDNA. This conclusion is further supported by
observed fluorescence from a fresh batch of reverse-primer
beads incubated with the eluted products for 12 h (iv). The
slightly reduced signal is likely attributable to partial loss of
ssDNA during the collection process.

ssDNA throughput can be estimated using a plot derived
from fluorescence measurements of reverse-primer beads
incubated with known concentrations of ssDNA (Fig. 7b).
According to the dynamic region of this calibration curve
(Fig. 7c), post-PCR beads (i) contain approximately 0.47 uM of
ssDNA while the fresh beads incubated with eluted products (iv)
exhibit a concentration of 0.31 pM, corresponding to a recovery
efficiency of 66%. This is a conservative estimate, as it assumes
complete hybridization of the eluted ssDNA to reverse primers,
and comparable or even exceeds previously reported yields.****
Additionally, the fluorescence from forward-primer incubation
(iii) corresponds to a concentration of 0.43 puM, representing the
amount of complementary strand retained on the beads. This
indicates a retention rate of at least 92% and confirms that
streptavidin remains stably immobilized on the bead surface
following thermal elution. Our ssDNA recovery efficiency and
yield are comparable or exceed those of existing methods, with
a total processing time of less than 15 min—significantly faster
than conventional approaches that typically require several
hours (Table S3).

Automated microfluidic workflow

The automated microfluidic workflow (SI Movie) proceeds
through five sequential stages: (1) loading the PCR chamber; (2)
removing post-PCR waste; (3) performing a purification wash;
(4) introducing the elution buffer; and (5) executing elution
following thermal release. These operations are coordinated via
specific valve activation and application of vacuum to
designated chambers (Fig. S7). Accurate liquid handling is
achieved through calibrated valve actuation. The correlation
between valve-opening duration and dispensed volume remains
stable, allowing precise control of master mix (11.5 pL), sSSDNA
template (5 pL), magnetic beads (5 puL, 60 pg), and elution
buffer (6 pL). Measured residual volumes confirm that the
transported volumes match the intended inputs. Fabrication-
specific factors—such as channel geometry and layer stiffness—
may influence valve performance but these are readily corrected
through calibration. Fig. S8a shows the dispensed volume as a
function of valve-opening duration for microvalve V3, with
vacuum applied to the PCR chamber. It follows a linear trend
(R> = 0.998) for valve-opening durations between 150 and 400
ms and remains consistent over repeated use. Volume
variations fall below 6% after 1000 actuation cycles, except at
durations shorter than 100 ms (Fig. S8b), likely due to unsteady
flow during brief actuation. Importantly, the valve exhibits no
signs of physical damage or delamination following the cycling
test (Fig. S8c). These results are representative of the remaining
microvalves in the system.

Vacuum-driven chambers are central to the workflow.
Unlike conventional shallow chambers, these chambers are
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up to two orders of magnitude deeper, enabling large volume
handling with microfluidic precision. The cylindrical
chamber, with a radius of 1.5 mm and a height of 7 mm, has
a capacity of approximately 50 pL. To ensure adequate
headspace and prevent overflow, the chamber is typically
filled with up to 40 pL of solution. However, to minimize the
risk of unintended aspiration during vacuum activation,
experiments here employed only ~22 uL—roughly half of the
available capacity. Scaling to larger volumes is feasible by
increasing the chamber diameter and pneumatic layer
thickness, though this may extend thermal cycling times due
to increased thermal mass. The system has been validated
for up to 40 PCR cycles, which is typically sufficient for
applications. Beyond this, nonspecific amplification and
byproduct formation may increase, potentially compromising
yield and specificity.

This multiscale architecture challenges pressure-driven flow
with incomplete fluid exchange, primarily flushing the lower
chamber leaving rest under-washed (Fig. S9a). Direct vacuum
access to these chambers allows complete filling whereas
conventional pressure-driven flow without such access fills only
a small portion (Fig. S9b). Likewise, it enables near complete
fluid removal (90%) without loss to branching channels even in
the absence of microvalves, thereby simplifying overall design
(Fig. S9c). Moreover, vacuum-driven chambers can be also
advantageous for routing fluids through select branches within
complex channel networks using fewer microvalves.
Additionally, they mitigate leakage concerns as they tolerate
variations in interlayer bonding strength. Performing PCR in
vacuum-driven chambers offers practical advantages. Despite
the lack of oil encapsulation, evaporation is tolerable due to
relatively large reaction volume, resulting in an average loss of
only 14% over 20 thermal cycles (n = 10). This limited
evaporation is mainly attributed to rapid thermocycling, which
minimizes dwell time at the denaturation temperature, and to
the quick saturation of the small headspace with vapor. Lastly,
the absence of bubbles during thermocycling—a common issue
encountered in chip-based PCR—can be attributed to their
buoyant escape into the air pocket in the chamber's upper zone.

6 Conclusions

We have demonstrated a multiscale microfluidic platform that
bridges the gap between high-volume fluid processing and
microfluidic precision. Using multilayer soft lithography, we
integrated vacuum-driven deep chambers into microfluidics,
enabling automated processing of reaction volumes beyond the
limits of conventional microfluidics. This automated platform
was applied to the rapid high-volume generation of ssDNA.
Strand-selective amplification and separation were achieved via
bead-based PCR while fast thermocycling of large volumes was
enabled by volumetric heating owing to plasmonic AuNRs
dispersed in the reaction mixture. Thermal elution (also via
plasmonic heating) from the beads facilitated efficient strand
release with minimal contamination by dsDNA. This work lays
the foundation for future high-volume microfluidics, expanding
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the lab-on-a-chip technologies beyond analytical applications.
In addition to ssDNA generation, the platform can be extended
to other important applications such as protein purification,*
enrichment and purification of rare cells and exosomes,***’
and detection of pathogens.*® Integration with an upstream
separation module is currently underway to fully automate the
SELEX process.
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