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Abstract

Design and development of point-of-care diagnostic technologies for a pandemic age

Harshit Harpaldas Chellani

The COVID-19 pandemic necessitated an unprecedented global scale-up of diagnostic test-
ing. To meet this demand, innovative point-of-care (POC) solutions were required to support
widespread decentralized testing. Key advances spanned assay chemistry, microfluidics, connected
instrumentation, and integrated data analytics. This dissertation presents the development of novel
tools and technologies for POC diagnostics designed in response to the pandemic and aimed at
enabling decentralized testing.

First, we developed a microfluidic, plasmonic RT-PCR platform for pathogen detection in de-
centralized settings. Leveraging optics, nanoparticles, and microfluidics, we engineered a compact
device capable of rapid thermocycling and detecting SARS-CoV-2 within 16 minutes using an in-
tegrated fluorometer. Second, we designed lateral flow assays (LFAs) for SARS-CoV-2 antibodies
and antigens, incorporating novel capture and detection reagents to enhance sensitivity. Lastly, we
built a companion smartphone application to augment self-testing experiences for COVID-19 and
HIV, and evaluated its utility through field trials.

Collectively, these technologies represent a next-generation suite of point-of-care diagnostic

tools that advance decentralized testing and strengthen preparedness for future pandemics.
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Chapter 1: Introduction

1.1 Point-of-care diagnostics during the COVID-19 pandemic

In January 2020, within two weeks of the publication of the genome sequence of SARS-CoV-2,
the rst reverse transcription polymerase chain reaction (RT-PCR) diagnostic test for the virus was
developed [1]. During the early stages of the pandemic, countries with high testing rates experi-
enced lower transmission rates, as testing enabled timely identi cation and isolation of infected
individuals [1]. To meet the immense demand for diagnostics, laboratory-based high-throughput
testing was rapidly scaled up; however, it faced limitations in both supply and the logistical chal-
lenge of bringing individuals into centralized testing environments.

Between 2000 and 2022, an estimated 6.7 billion SARS-CoV-2 tests were produced. Of these,
roughly 1.5 billion were lab-based tests, 1.9 billion were point-of-care molecular tests, and 3.2 bil-
lion were over-the-counter (OTC) antigen tests [2]. Point-of-care (POC) diagnostics were critical
in meeting the demand for decentralized testing during the pandemic.

The development and deployment of these POC diagnostics required rapid innovation, sup-
ported by substantial government and private sector investments, as well as revised regulatory
guidelines. Technological advances emerged across multiple disciplines—including assay chem-
istry, micro uidics, instrumentation, and data analytics. Beyond the technological landscape, the
pandemic catalyzed increased awareness among governments, media, and the public regarding
comprehensive testing and surveillance. It also enhanced understanding of diagnostic modalities
and created new pathways for implementation [3].

In this work, we review innovations in assay chemistry, micro uidics, and connected instru-
mentation with data analytics that enable a new generation of point-of-care diagnostic technologies

for the pandemic era. These developments lay the foundation for improved preparedness in future



health crises and contribute to a broader vision of digital, personalized, and preventative medicine.

1.2 Overview of work

The goal of this dissertation is to present the development of next-generation, integrated point-
of-care testing solutions tailored for the pandemic age.

Aim 1: Design and development of volumetric, micro uidic plasmonic RT-PCR for de-
centralized molecular detection of pathogensWe developed a micro uidic RT-PCR platform
using plasmonic heating to enable rapid detection of SARS-CoV-2. The system integrated an
on-chip thermocouple and a PID control algorithm to modulate an infrared LED for closed-loop
thermal control. Gold nanorods were suspended in solution with RT-PCR reagents. We engineered
a portable instrument incorporating infrared heating, a cooling fan, and a uorometer for endpoint
uorescence detection. The system achieved complete ampli cation within 16 minutes (5 minutes
for reverse transcription and 45 cycles in 11 minutes).

This work resulted in a rst-author publicationChellani H, Human K, Stanciu R, Liu A,
Doucette J, Agboglo A, Qin Y, Chern T, Behnam V, Blumenfeld N, Victoriano C, Ayers A, An-
navajhala M, Begolo S, Uhlemann AC, Sia S¥alumetric, micro uidic plasmonic RT-PCR.

Small Methods2025.

Aim 2: Design and development of sensitive lateral ow assays for SARS-CoV-2 antibody
and antigen detection.In this aim, we designed a series of lateral ow assays (LFAs) for COVID-
19 using novel capture and detection reageAisn 2A: Total SARS-CoV-2 antibody test using
40 nm gold nanospheres for the detection of anti-nucleocapsid IgG and anti-spike IgG/IgM anti-
bodies. The limit of detection reached 5 pg/mL in spiked serum sampies2B: Increasing the
sensitivity of SARS-CoV-2 antibody test using gold nanoshells and covalent antibody conjugation.
Initial results showed a 3x signal improvement, with optimization achieving a 9% signal increase
and potential for a 10-20x improvement in limit of detectiohim 2C: Nucleocapsid antigen
LFA using monoclonal antibodies isolated from severe COVID-19 patients and gold nanoshells.

We demonstrated detection down to 1 pg/mL in buffer.



Aim 3: Development and validation of smartphone applications to support at-home COVID-

19 and HIV testing. Building on work published in Nature Communications on an automated
interpretation algorithm for LFAs, we developed mobile applications (SMARTest COVID-19 and
SMARTPrEP) to enhance the experience of using rapid diagnostic tests for COVID-19 and HIV.
Aim 3A: Conducted a randomized controlled trial of the SMARTest COVID-19 app, which pro-
vides step-by-step instructions, result interpretation, result tracking, and links to COVID-19 re-
sources. The pilot study enrolled 100 participants randomized to control (no app) or intervention
(with app) groups.Aim 3B: Developed the SMARTPrEP app to support HIV rapid testing and
PrEP adherence tracking among cisgender and transgender women. In a 12-month pilot, we eval-
uated its usability, acceptability, and potential to improve adherence to PrEP.

A related publication includes: Arumugam S, Ma J, Macar U, Han G, McAulay K, Ingram D,
Ying A, Chellani HH, Chern T, Reilly K, Colburn DAM, Stanciu R, Duffy C, Williams A, Grys
T, Chang SF, Sia SKRapidly adaptable automated interpretation of point-of-care COVID-19
diagnostics. Communications Medicin@023. Work onAim 3A is ongoing, with a publication
in preparation in collaboration with ICAP Harlem. For this thesis, my focus is on areas related
to LFA testing, whereas the focus of my lab collaborator (Terry Chern) is on setting up the trial,
mobile app design, and app experience. WorlAon 3B is also ongoing, with a manuscript being
drafted in collaboration with ICAP Bronx.

Appendix A: Point-of-Care Diagnostics: Recent Developments in a Pandemic Agdhis
appendix reviews recent technical and non-technical advances in POC diagnostics catalyzed by the
CQOVID-19 pandemic.

This work resulted in a rst-author publication: Harpaldas H, Arumugam S, Campillo Ro-
driguez C, Kumar BA, ShiV, Sia SKRoint-of-care diagnostics: recent developments in a pan-

demic age.Lab Chip 2021.



Chapter 2: Design and development of volumetric, micro uidic plasmonic

RT-PCR for decentralized molecular detection of pathogens

2.1 Background

Decentralized testing for infectious diseases is important for public health. During the COVID-
19 pandemic, lab-based PCR, rapid antigen tests, and point-of-care (POC) methods based on
isothermal ampli cation were used for testing of clinical samples [3, 4, 5, 6]. In parallel, lab-
based PCR was instrumental in surveillance methods such as wastewater testing [7, 8]. A central
technique remained the deployment of PCR, which has served as the gold-standard method for
the detection of nucleic acids for decades [9, 10]. Whereas some POC molecular tests are based
on isothermal ampli cation, [3, 11, 12] a barrier for developing POC PCR has been the thermocy-
cling procedure, which traditionally necessitated bulky, power-intensive, and slow instrumentation,
thereby limiting applications in decentralized settings [13].

As an alternative to Peltier heating (used by most commercial PCR thermocyclers[14]), recent
work has further developed photothermal heating as a promising approach to achieve thermo-
cycling [15]. With photothermal heating, light heats the solution, either the immediate solution
around nanomaterials on the surface of a reaction chamber [16, 17, 18] or an entire solution via
photothermal heating of dispersed nanopatrticles [19, 20, 21, 22]. Photothermal heating can be fast
[23] and uses low-cost and compact optical components instead of bulky heating blocks, offering
the potential to bring PCR to decentralized testing environments. Micro uidic methods have been
developed for PCRTable 2.1), but approaches based on Peltier heaters[24] are energy intensive
(Table 2.2 and photothermal heating of nanomaterials or substrates[17, 25]) required additional
complex micro or nanofabrication methods and heated only a portion of the solution [16, 17, 25].

Volumetric photothermal heating for PCR had previously been demonstrated in PCR tube-



Table 2.1: Comparison of this work with similar previously published work.

based systems [20, 23, 26, 27], including in our lab by using plasmonic nanoparticles [19]. Mi-
cro uidic systems offer the ability to minimize systems to a smaller scale, and seamlessly inte-
grate with pre- and post-ampli cation methods, simplifying use at the POC. Furthermore, previous
demonstrations of photothermal PCRable 2.1) either used open-loop temperature control [19]
or closed-loop temperature control with surface temperature measurements [17, 24]. Closed-loop
control systems potentially allow for more reliable thermocycling. Additionally, thermocouples
placed near the surface of a micro uidic chamber, but not inside it, may not measure the tem-
perature within the micro uidic chamber quickly enough for real-time closed-loop control, which
could rapidly attain targeted temperatures in solution.

Here, we seek to demonstrate a micro uidic, plasmonic RT-PCR method that leverages volu-
metric heating from irradiated gold nanorods in solutiBig(ire 2.1). We fabricate a micro uidic
chip with an embedded thermocouple inside the chamber for real-time internal temperature mea-
surement and closed-loop temperature control. Also, we assess the ability to detect SARS-CoV-2

in a micro uidic chip using plasmonic thermocycling coupled with detection using an onboard



Table 2.2: Detailed comparison of the heating and cooling methods for similar previously pub-
lished work

uorometer.

2.2 Methods

2.2.1 Design and fabrication of micro uidic chips
2.2.1.1 Fabrication Protocol

Polycarbonate micro uidic chips were fabricated in partnership with Aline, Inc. The orig-
inal design for the chip was developed in-house and sent to Aline for fabrication. Fabrication
is performed using Aline's standard laser cutting and lamination process, and relies on the use
of commercial CO2 lasers to cut features into off the shelf polycarbonate and silicone pressure-
sensitive adhesive Ims. Parts are assembled using ALine's batch lamination process, allowing for
a stack tolerance of +/-0.005" (0.125mm) between adjacent layers. Typical lead times for small
fabrication runs (few hundred devices) were in the order of 1-2 weeks. The process is scalable, and

the Aline team has successfully manufactured laminate components with pricing compatible with



Figure 2.1: Schematic diagram of the approach for volumetric, micro uidic plasmonic RT-PCR,
achieved via closed-loop temperature control and an integrated uorometer. Irradiation by an in-
frared LED (850 nm) of gold nanorods (AuNRS) suspended in solution heats the AUNRs (shown
as colored AuNRSs) and the solution. Cooling of the chamber is achieved with a DC fan. Closed-
loop temperature control is achieved as follows: temperature of the solution is measured in real
time by a thermocouple (red) embedded within the micro uidic chip, with readings fed into a mi-
crocontroller as input for a PID algorithm (operating at 20 Hz) which in turn controls the current
of the infrared LED. An integrated uorometer using a blue laser (488 nm), dichroic mirror, and
spectrometer (measuring the emitted uorescence at visible lengths), performs uorescence mea-
surement of the solution in the micro uidic chamber. Actual image of the micro uidic chip is
shown in upper left, with an integrated thermocouple

point-of-care diagnostic use at >=100k units/year. Aline fabricated layers L2-L10, and bonded
layers L2-L9 togetherHigure 2.6) The nal steps for bonding L10, integration of a thermocouple,

as well as fabrication and bonding L1 ( exible membrane) was conducted in the Sia lab. Building
off a protocol developed by Aline, we created an in-house method to integrate a thermocouple
into the chamber of the micro uidic chip. First, the interior channels of the micro uidic chip
were plasma-treated to reduce the water contact angle and increase wettability. A Harrick Plasma
Cleaner (PDC-32G) was used to plasma treat polycarbonate pieces on the high setting for 5 min.
Next, a Type K ne gauge bare wire thermocouple (CHAL-005) from Omega Engineering was
threaded through a designated chamber connecting to the PCR chamber. The thermocouple was
positioned so the junction was in direct contact with uid. After initial alignment, a nal capping

layer of polycarbonate was added to the chip to seal the micro uidic chip. After the application
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of pressure to activate the pressure-sensitive adhesive, the chip was transferred to a Carver heating
hydraulic press. Here the bonding of the chip was completed at 50 °F at 700 pounds of force for
10 min. Next, a light-curable adhesive (Loctite AA3936) was dispensed into the thermocouple
chamber using a dispensing gun for syringes (McMaster Carr) and a 24 gauge syringe tip. The
adhesive was cured using an Opto ash curing light box for 50 ashes. A 405 nm UV laser light

pen was utilized to verify the successful integration of the adhesive into the thermocouple channel.

2.2.1.2 Reducing the contact angle of polycarbonate

Previous studies have demonstrated the use of oxygen plasma to prevent nonspeci ¢ adsorption
of PCR components and bubble formation in thermoplastic micro uidic chips [17] and reduce the
contact angle of polycarbonate [28]. In order to simplify the loading of micro uidic chips, reduce
air bubble formation, and improve PCR ef ciency, we sought to reduce the contact angle of the
polycarbonate micro uidic chips and make the interior channels more hydrophilic. To demonstrate
the ability to permanently reduce the contact angle of polycarbonate micro uidic chips, we con-
ducted a 30-day study. 3 plain sheets, 127 um polycarbonate sheets were used as control, and 3
pieces were treated with plasma. The contact angle was measured on days 0, 1, 2, 7, 14, and 30

using a Contact Angle Goniometer from Ossila.
2.2.2 Development of micro uidic, plasmonic thermocycler
2.2.2.1 Gold nanorods
PEG-functionalized, silica-coated gold nanorods (diameter = 10 nm, length = 45 nm, aspect
ratio = 4.5) were purchased from Nanopartz (CO, USAy(re 2.2

2.2.2.2 Development of prototype device

A compact device to conduct photothermal cycling on a micro uidic chip was developed using
3D printed parts and electronicBable 2.3. A mechanical structure was 3D printed to position all

electronics and micro uidic chip for heating, cooling, and sealing. The mechanical components of



Figure 2.2: TEM image of gold nanorods (AuNRSs) used for plasmonic thermocycling

the prototype device were designed using SOLIDWORKS 2022 and 3D printed using a Stratasys
Objet 30 printer and VeroWhitePlus or VeroBlackPlus resin. The infrared LED (850 nm) from
LED Engin was purchased from Mouser. An 8° 20 mm concentrator bean optic was placed on top
of the LED using a Carlco lens holder. A 1000 mA externally dimmable DC driver from BuckPuck
was purchased from Luxeonstar and used for PID control of the LED for heating. A 0 ° AOI, hot
mirror from Edmund optics was placed on top of the chamber during thermocycling. The LED
was cooled using an elliptical n heat sink and DC fan. Two 12V DC fans from Mechatronics
Fan Group were purchased from DigiKey. The on / off control of the fans was controlled using a
5V relay shield module connected to an Arduino. The temperature inside the chamber and LED
were monitored by connecting a thermocouple to a 2-pin terminal block of an Adafruit MAX31855
breakout board for a digital readout of the temperature on an Arduino. Note that internal chamber
temperature was monitored using the integrated bare wire thermocouple, while LED temperature
was monitored using a Type K adhesive surface thermocouple (SA1KSC) from Omega Engineer-
ing. Linear actuators were purchases from Actuonix (PQ12-R Micro Linear Series, 100:1). All

components were connected to the laboratory wall power supply using a 19V power cord.



Table 2.3: Bill of materials for micro uidic, plasmonic thermocycler

Component Source Part name Quantity Unit Cost Total Cost
LED LED Engin LZ4-00R608 1 $22.88 $22.88
LED Driver BuckPuck 1000 mA Externally Dimmable DC Driver 1 $13.99 $13.99
Lens Carlco 8° 20 mm Concentrator Beam Optic 1 $3.20 $3.20
Heat sink Luxeon LPD45-30B 1 $7.44 $7.44
Lens Holder Carlco 10737 1 $0.66 $0.66
Hot Mirror Edmund 12.5mm Square, 0° AOI, Hot Mirror 1 $28.50 $28.50
Thermocouple Breakout Board Adafruit MAX31855 2 $14.95 $29.90
Thermocouple Omega TC-CHAL-005 2 $13.07 $26.13
12 V regulator Polulu 12V, 2.4A Step-Down \oltage Regulator 1 $22.95 $22.95
Fan Mechatronics MA3828X12B1-RSR 2 $13.12 $26.24
Relay SunFounder  Lab 4 Relay Module 5V 4 Channels 1 $7.99 $7.99
6 V regulator Polulu 6V, 2.7A Step-Down Voltage Regulator 1 $22.95 $22.95
Linear Actuator Actuanix PQ12-R Micro Linear Servos (100:1) 2 $70.00 $140.00
Power Supply Valefod Step-Down Voltage Regulator 1 $4.00 $4.00
19 V power cable Jameco MEAN WELL GSM90B19-P1M 1 $35.50 $35.50
Barrel jack Spark Fun DC Barrel Jack Adapter - Female 1 $3.50 $3.50
Microcontroller Arduino MEGA 1 $46.40 $46.40

Total Cost $438.23

2.2.2.3 Determining the position of the LED with respect to the micro uidic chip

While the LED was positioned to be centered directly underneath the micro uidic chip, it
was essential to test what would be an appropriate height from the LED to the chamber of the
micro uidic chip, that would maximize heating rates. To determine this height, chips holders of
various thicknesses were printed in order to position the micro uidic chip further away from the
LED. These thicknesses include O mm (no holder), 1 mm, 3 mm, and 5 mm. Using the 5 mm holder
positioned the chamber 16.65 mm away from the top of the LED lens. For testing here, chips were
loaded with AuNRs at 5 OD (diluted in DI water). The LED was turned on at full power for
5 seconds, and the temperature inside the chamber was recorded in real-time with an embedded
thermocouple. Heating rates C/s) were determined by dividing the change in temperature from

room temperature t60 C, by the change in time (s).

2.2.2.4 Adding a hot mirror

A hot mirror is an optical Iter that re ects infrared (IR) light while allowing visible light to

pass through. Itis typically used to manage heat buildup in optical systems by redirecting unwanted
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Table 2.4: Overview of RT-PCR thermocycling algorithm

RT-PCR Stage Thermocycling Stage Condition Output
Reverse Transcription Heat®2 C While temperature §3 C (setpoint) Turn on LED (aggressive PID)
Hold at52 C While time elapsed < 5 minutes Turn on LED (conservative PID )
Initial denaturation Heating t85 C While temperature €6 C (setpoint) Turn on LED (aggressive PID)
Hold at95 C While time elapsed < 10 seconds Turn on LED (conservative PID )
Thermocycling (45 cycles)
Denaturation Heating t85 C While temperature €6 C (setpoint) Turn on LED (aggressive PID)
Hold at95 C While time elapsed < 1 seconds Turn on LED (conservative PID )
Annealing/Extension Coolingt60 C While temperature 80 C (setpoint) Turn on Fan
Hold at60 C While time elapsed < 3 seconds Turn on LED (conservative PID )
Cool to room temperature Cooling 8 C While temperature 30 C Turn on Fan

infrared radiation away from sensitive components. Here, we investigated whether adding a hot
mirror above the micro uidic chip would improve heating rates by re ecting light back into the
chamber to be absorbed by the AuUNRs. Micro uidic chips were loaded with AUNRs at 5 OD. The
LED was turned on at full power until the temperature in the chamber re&&h&dl Heating rates

were calculated for both heating®® C and95 C.

2.2.2.5 PID for closed-loop temperature control

Here, we developed a proportional integral deriverative (PID) controller using the Arduino
library. In this system, the temperature from the integrated thermocouple served as our process
variable (measured output that feeds into the PID) to adjust the control variable (current across
the LED, or LED output). The LED served as the actuator to control temperature on chip. Since
the LED can only increase the temperature on chip, the LED was turned off for cooling. Here, a
fan was turned on until the target temperature was hit. The thermocycling algorithm is outlined in

(Table 2.4
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2.2.3 Demonstration of rapid thermocycling on chip
2.2.3.1 Loading chips and device operation

To load a micro uidic chip, a pre-cut piece of Applied Biosystems Microamp Optical Adhesive
Film was applied as the “ exible membrane” to seal the valves on the chip. The pressure-sensitive
adhesive was activated using an Applied Biosystem MicroAmp Adhesive Film applicator. Mi-
cro uidic chips were loaded directly using a pipette. After loading, the inlets were sealed with
pre-cut Eppendorf PCR Im.

After the micro uidic chip is loaded for testing, it is placed inside the micro uidic chip holder,
which positions the chamber directly above the infrared LED and below the linear actuators. This
holder is placed into the prototype device. Next, the thermocouple wires are physically connected
to the Adafruit MAX31855 breakout board 2 pin terminals, by clamping the wire in with a screw
(using a screwdriver). After all necessary components are in place, a operator powers on the device
and uploads the Arduino program. First, the operator inputs a command into the Arduino program
to bring down the linear actuators and seal the valves. Next, another command is used to begin the

thermocycling protocol.

2.2.3.2 Changing the concentration of AUNRS in solution

Gold nanorods diluted in DI water were loaded into a micro uidic chip for testing to display
rapid thermocycling. To determine the upper limit of heating potential, gold nanorods were tested
at the following concentrations: 5, 10, 20, 50, and 90 OD (concentration of stock AUNRS). The
following RT-PCR thermocycling protocol was run (time at target temperature): 3 minutes at 52
°C, 10 seconds at 95 °C, followed by 45 cycles of 1 second at 95 °C and 3 seconds at 60 °C.

Temperature was recorded every 51-52 ms using an integrated thermocouple.
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Figure 2.3: TEM image of gold bipyramids

2.2.3.3 Alternative photothermal nanopatrticles

We assessed the ability of our system to utilize alternative nanoparticles for photothermal heat-

ing.

2.2.3.3.1 Gold bipyramid nanoparticles First, we test PEG functionalized, silica-coated gold
bipyramid nanoparticles (AuBPs), which were synthesized by a collaboFaguré 2.3) at Impe-
rial College. AuBPs have a different shape to AuNRs and have been previously demonstrated to

have a higher heating ef ciency and lower polydispersity [27].

2.2.3.3.2 J-aggregates Second, we investigated J-aggregates, synthesized from a collaborator
at George Mason group. J-aggregates are aggregates of indocyanine green dye (ICG) that have
a strong absorbance peak at 846 nm and were previously utilized for near-infrared photoacoustic
imaging [29]. We tested two types of nanoparticles 1) Bare nanosize ICG aggregate particles (220
nm) at 400 pand 2) PEGylated (5kDa) nanosize ICG aggregate particles ( 240 nm) at 400 y. Both

nanoparticles were suspended in water.

2.2.4 Validating temperature on chip using a thermal camera

To con rm that the chamber on chip is able to reach the target temperatures during plasmonic

thermocycling, the temperature of the chamber was measured using a thermal camera.
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2.2.4.1 Measuring temperature on chip

A ringstand setup with a perpendicular platform was set up to position a SEEK Compact pro
thermal camera above and level with the micro uidic chip. The distance from the chamber to
the thermal camera was set to be 15.5 cm above the chip in accordance with thermal camera
speci cations. After centering the camera on the micro uidic chip chamber, the thermal camera
was set to “Hi/Lo Mode” to visually pinpoint the highest and lowest temperature in the eld of
view. After loading a chip with diluted gold nanoparticles, the plasmonic thermocycling protocol
was initiated, and a video was recorded. The temperatures measured by the thermal camera were

either manually recorded or extracted using text extraction software.

2.2.4.2 Calibration of the thermal camera

In order to calibrate the SEEK thermal camera, a hot plate was set to the desired temperature
(52 °C or 95 °C). An empty micro uidic chip with an integrated type K (Omega) thermocouple
was placed on the hotplate. The temperature inside the chamber was con rmed by connecting
an Adafruit MAX31855 breakout board for a digital readout of the temperature on an Arduino.
Once the desired temperature on the thermocouple was con rmed with a stable output, the Seek
Compact Pro thermal camera was used to measure the temperature of the chamber. This procedure

was repeated across multiple chips.

2.2.5 Plasmonic RT-PCR on chip

2.2.5.1 SARS-CoV-2 PCR assay

Next, we sought to demonstrate on-chip ampli cation of nucleic acid targets using plasmonic
RT-PCR. As a model system for SARS-CoV-2 detection, we used the CDC, Tagman primer-probe
set for the N1 gene [30] tagged with FAM. All RT-PCR assays used a 12 pL reaction volume.
Each reaction contained 6 pL of One Step Primescript Il MasterMix (2x), 1 pL of N1 primer and

probes, 1.2 uyL of gold nanorods resuspended in 1% Tween-20 ( nal concentration of 5-6 OD),
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0.24 uL of ROX Reference Dye Il (Primescript), 1.56 pL of PCR grade water, and 2 pL of sample
(TE buffer). Primer and probes were utilized at nal concentration in well at either 0.5 uM, 0.125
MM or at 1 uM, 0.25 pM. For all experiments involving the ampli cation of SARS-CoV-2 on chip

or on a QuantStudio 3 thermocycler, the following thermocycling protocol was used. 5 minutes at

52 °C, 10 seconds at 95 °C, followed by 45 cycles of 1 second at 95 °C and 3 seconds at 60 °C.

2.2.5.2 Assay optimization on QuantStudio thermocycler

First, we sought optimize the RT-PCR assay for SARS-CoV-2 using the QuantStudio. The con-
centration of Primescript MasterMix was based on manufacturer suggestions. The concentration
of N1 primers (0.5 uM) and probes (0.125 uM) was originally chosen based on a published CDC
assay. Optimization here, focused on determining a concentration of AUNRS to use going forward
in plasmonic RT-PCR assays. The goal here was to nd a concentration that didn't signi cantly
change ct values and RT-PCR ef ciency.

Here, we conducted RT-PCR for SARS-CoV-2 detection on a QuantStudio 3 thermocycler. We
ran NTCs with TE buffer, and positive samples were spiked with inactivated SARS-Co%eP at
copies/mL. The concentration (OD) of AuNRs in solution was adjusted by changing the volume
of stock AuNRs added to each PCR reaction. The following ODs were tested, 0 OD (no AuNRS),
2 OD, 5 OD, 10 OD, and 25 OD. Next, we picked on optical density (5 OD) to compare RT-
PCR ef ciency with and without AUNRs. We ran a standard curve using inactivated SARS-CoV-2

spiked into TE buffer at the following concentratiod€X, 103, 10*, 10°, and10° copies/mL).

2.2.5.3 Assay optimization on plasmonic, micro uidic thermocycler

Going forward, we decided to use an OD of 5 for plasmonic RT-PCR assays on chip. This de-
cision was based on previous work from the lab [19], as well as balancing considerations for rapid
thermocycling with the uorescence quenching seen with high concentration of AUNR (which
would make on-chip detection more dif cult). Similar to running RT-PCR on a QuantStudio, we

prepared mastermix for RT-PCR in a PCR hood using a 12 uL nal volume. Note, AUNRs was
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added in bulk to a mega mastermix at a stock concentration (50 OD), and then aliquoted into indi-
vidual reactions. This ensured, reproducibility among AuNR concentrations between reactions.
After the sample (NTC or spiked sample as added to the mastermix) the chip was loaded as
previously described. Note, while the reaction volume was prepared foL 1the chip chamber
only holds 7-8 . The extra volume allowed for exibility in loading the chips and any errors in
doing so. In order to assess ampli cation on chip, we ran plasmonic thermocycling on chip using
the prototype described earlier, followed by running the ampli ed products on a gel. Additionally,
we measured the change in uorescence using a plate reader scan (before and after thermocycling).
This allowed us to visually con rm the presence of ampli ed products (at 72 bp) using the gel and

determine if there was a statistically signi cant change in uorescence using the plate reader.

2.2.5.3.1 Gel electrophoresis The E-Gel Power Snap Electrophoresis system was run for 15

minutes using a 4% Agarose gel. Ampli ed products were diluted to 20 pL in molecular-grade
water before they were loaded into the wells of the gel. TriDye Ultra Low Range DNA Ladder (10
to 700 bp) from New England Biolabs was diluted by a factor of 3, and 20 pL was added to the

rst well as the ladder.

2.2.5.3.2 Measuring change in uorescence using a platereadein order to measure the
change in uorescence on chip after plasmonic thermocycling, a plate reader scanning method
was developed using a BioTek Synergy H1 microplate reader. A custom jig was created to hold
a micro uidic chip within an 8-well plate. A custom protocol scanned the micro uidic chip in a

13 x 13 array Figure 2.4. The excitation wavelength was set to 488 nm, and the emission wave-
length was set to 530 nm. The chip was aligned so that 3 points of this array would align directly
with the chamber of the micro uidic chip. These values were extracted using a Python script for
data analysis. To calculate the raw change in uorescence, scans were conducted before and after

ampli cation on chip.
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Figure 2.4: Example of raw heat map output, for plate reader scan of uorescence emission on
chip

2.2.5.3.3 Increasing the concentration of primers and probes Noticing that increasing con-
centrations of primers or probes could increase ampli cation ef ciencies for rapid thermocy-
cling[31, 32] and may also help overcome PCR inhibition by thermocouple, we increased con-
centration of primer and probes from 0.5uM, 0.125uM to 1 pM and 0.25 pM, respectively (2x
increase). Here, we assessed ampli cation using gel electrophoresis and change in uorescence as

well. Results were compared against lower primer probe concentrations as well (0.5uM, 0.125uM)

2.2.6 Development of integrated uorometer for on-chip uorescence detection

2.2.6.1 Fluorometer construction

The uorometer was prototyped using off-the-shelf components for the Thorlabs 30 mm cage
cube systemTable 2.5. A Sharp 488 nm 55 mW Laser diode with a DTR-G-8 lens was used

for uorophore excitation. An excitation lter (482/18 nm Brightline single-band bandpass lIter)
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Table 2.5: Bill of materials for uorometer

Component Source Part name Quantity Unit Cost Total Cost
Flex cable Molex 15366-0171 1 $7.91 $7.91

Cage cube system Thorlabs DFM1T1 - Kinematic 30 mm Cage Cube Insert 1 $277.39  $277.39
Cage cube system Thorlabs DFM1B/M - Kinematic 30 mm Cage Cube Base 1 $163.12 $163.12
Cage Cube system Thorlabs SM1CP2 2 $19.30 $38.60
Dichroic mirror Thorlabs MD498 - GFP Dichroic Filter 1 $236.98 $236.98
Condensing lens Thorlabs ACL25416U-A - Aspheric Condenser Lens 1 $29.95 $29.95
Excitation Iter AVR Optics ~ 482/18 nm BrightLine® single-band bandpass lter 1 $405.00 $405.00
Emission lter Thorlabs FGL515M - 515 nm Longpass 1 $54.38 $54.38
Emission Iter AVR Optics 500 nm blocking edge long-pass lter 1 $330.00  $330.00
Laser MXT Laser D12mm 50 mW 488nm Sky Blue Dot Laser Diode 1 $70.00 $70.00
Laser holder Thorlabs AD12F 1 $32.72 $32.72
Emission side lens tube Thorlabs SM1L05 1 $12.97 $12.97
Fiber Optic Adapter Thorlabs SM1SMA 1 $31.38 $31.38
Sample side lens tube Thorlabs SMO05L10 2 $15.55 $31.10
Sample side adjustable lens tube Thorlabs SMO05V10 1 $34.76 $34.76
Lens tube adapter Thorlabs SM1A6 1 $21.30 $21.30
Fiber optic connector Ocean Insight SMA-ADP-031-VIS 1 $220.00  $220.00

Total Cost  $1,997.56

was purchased from AVR optics and placed inside the cage cube. A GFP Dichroic Filter (MD498)
was purchased from Thorlabs and placed inside the cage cube. Two emission Iters were stacked
and placed inside the cage cube, 1) 500 nm blocking edge Brightline long-pass lter from AVR
optics, 2) OG515 Colored Glass Filter, 515 long pass Iter from Thorlabs, and 2) 500 nm blocking
edge Brightline long-pass Iter from AVR optics. An Aspheric condenser lens was purchased from
Thorlabs to condense emitted light into a ber optic cable connector. This was connected to an

Ibsen Pebble spectrometer that captures the full spectrum from 346 nm to 842 nm.

2.2.6.2 Optimization of uorometer

2.2.6.2.1 Fluorescein dilutions Fluorescein dilutions were created in order to optimize the per-
formance of the uorometer. These were created by weighing 3.76 mg of uorescein sodium salt
and diluting it in 50 mL of DI water to create a 200 uM solution. Serial dilutions were made to

create solutions ranging from 1.25 pM to 0.25 pM uorescein.

2.2.6.2.2 Measurement and analysis of uorescence emission with uorometerBefore col-

lecting the spectra of any sample on chip, the dark current of the spectrometer was rst measured.
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For each spectrum measurement, the laser was turned on for 50 ms, followed by a spectrometer
reading using an integration time of 43 ms. After the collection of the emission and dark current
signal, this data was analyzed with a Python script. The script rst subtracted the dark current
from the emission signal. Next, the spectrum was baseline corrected by averaging and subtracting
the emission from 346.24 nm to 484.75 nm. As an additional normalization, the entire spectrum
was divided by the value at 599.45 nm to reduce variance and align spectrum readings using a
constant peak. For the measurement of uorescence emission of uorescein sodium salt solutions,
the value at 515.04 nm was recorded and compared across conditions. For the measurement of
uorescence emission from RT-PCR ampli ed products on a QuantStudio, the value at 529.9 nm
was recorded and compared across conditions. For the measurement of the change in uorescence
emission from plasmonic ampli ed products on chip, the value at 529.9 nm was recorded before

and after ampli cation to calculate a change, which was compared across conditions.

2.2.6.2.3 Background signal and dark current In order to investigate the background signal
and sources of unknown emission peaks, we tested three different holders for the micro uidic chip
in the uorometer setup. One "normal” holder, that leaves the entire chip fully exposed. A second
"slit" holder that only has an opening underneath the chamber. And three, a "full* covered holder
(no opening underneath the chip). The reasoning for including an opening under the chip was to
allow for photothermal cycling (requiring infrared LED to pass through from underneath). For
testing here, we loaded micro uidic chips with water and measured the output emission spectrum
using the spectrometer.

Next, we experimented with subtracting out the dark current of the spectrometer. To do so, we
took a measurement on the spectrometer without turning on the laser. After a measurement with
laser excitation, the dark current was directly subtracted from the "measured signal” for a dark

current corrected measurement.

2.2.6.2.4 Emission Iter comparison Here, we compared the performance of the two emission

Iters utilized in the system. 1) 515 nm long pass Iter and 500 nm blocking edge lIter. For this
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analysis, no micro uidic chip was added to the system, but the laser was turned on. This served
to better understand the background signal from the system, and how the different emission lters

performed under these conditions.

2.2.6.2.5 Investigating signal correction methods We explored the use of different signal cor-
rection methods. For this analysis, we loaded chips with water (O ) and 1.25 g uorescein solutions
and measured the output emission at 515.04 nm. The raw emission was compared to three different

signal correction methods: 1. division by value at 599.45 nm, 2) 647.86 nm, and 3) 734.48 nm.

2.2.6.3 Fluorescein dilution series

To evaluate its performance, we tested the optimized uorometer setup on different concen-
trations of uorescein. First, using the uorescence emission, we correlated a concentration of
uorescein to RT-PCR ampli ed product. We ran RT-gPCR on a QuantStudio, with a positive
(inactivated SARS-CoV-2 spiked into buffer at a concentration §fcq@mL) and negative con-
trol (TE buffer). After conducting thermocycling on a QuantStudio 3 Thermocycler,L16f the
ampli ed product was pipetted into a 384 well plate. Additionally, 110 of uorescein concen-
trations were pipetted into the plate (1.25 4, 1 u, 0.75 y, and 1.25 ). The uorescein emission was
measured using an excitation wavelength of 488 nm and an emission wavelength of 530 nm.

Next, these uorescein concentrations (1.25 y, 1 4, 0.75 p, and 1.25 p4) were measured on our
integrated uorometer. Fluorescein concentrations were loaded into micro uidic chips as previ-
ously described and loaded into the system for measurement. Three separate replicates (different

chips) were measured for each concentration.

2.2.6.4 Measuring QuantStudio ampli ed products

Next, we measured the ability of our system to detect ampli ed products from a QuantStudio
thermocycler. Here, two samples were ampli ed, a negative control (TE buffer) and positive con-

trol (SARS-CoV-2 spiked into buffer at 2@opies/mL). After ampli cation, these products were
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Table 2.6: Cost of Integrated Prototype Device

Section Cost
Plasmonic thermocycling components $483.23
Integrated uoromter components $1997.56
Total Cost of plasmonic thermocycler $2,435.7

Total Cost of Quantstudio 3 thermocycler $10,00 - $15,000

loaded into micro uidic chips and measured on the integrated uorometer.

2.2.7 Integrated micro uidic, plasmonic RT-PCR on chip
2.2.7.1 Construction of integrated device

In order to integrate the uorometer with the plasmonic RT-PCR design, we had to make a few
changes to make room for the optical components. This involved widening the distance between
the linear actuators so the uorometer components could t. This also required a larger chip design
(25 x 40 mm), with valves spread further apart. However, the size of the sample remained the same.

For proof-of-concept testing here, we utilized a plasmonic thermocycling prototype designed
to seal and test the original chip design (25 x 25 mm). A separate setup was created to include
all components for plasmonic thermocycling and uorescence measurement. However, this setup
was designed to seal micro uidic chips that were 25 x 40 mm, due to positioning of the linear
actuators. For testing here, we designed another chip holder to t a 25 mm chip for this setup.
After a micro uidic chip was loaded, the uorescence was measured on this "integrated setup.”
Then it was transferred to the plasmonic thermocycling prototype to be sealed and heated using
an LED. Finally, the chip was transferred to the "integrated" prototype for a post-ampli cation

measurement.
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2.2.7.2 Plasmonic thermocycling + uorescence detection on chip

For initial experiments here, we conducted both plasmonic thermocycling and uorescence
detection chip using two different prototypes. The rst prototype was utilized for plasmonic ther-
mocycling only. The second prototype was used for uorescence detection on-chip only. However,
this second prototype had all of the components in place for plasmonic thermocycling, but for the
experiments here, the plasmonic thermocycling components were not utilized in this speci ¢ pro-
totype.

We tested the ability of the uorometer to detect ampli ed products after plasmonic thermo-
cycling on chip. First, the chip was loaded with plasmonic RT-PCR mastermix, followed by a
“pre RT-PCR” uorescence measurement using the uorometer. After plasmonic thermocycling
using the prototype, the chip was again measured for a “post RT-PCR” uorescence measurement.
After signal processing and normalizing, the change in emission at 529.9 nm was calculated. A
SARS-CoV-2 model system was employed here with inactivated SARS-CoV-2 spiked into buffer
at a concentration of Pecopies/mL (positive control). Primer and probes were utilized at a nal

reaction concentration of 1 uM and 0.25 uM respectively

2.2.8 Future directions for integration
2.2.8.1 PDMS as an alternative exible membrane

As an alternative to the PCR tape used in experiments here, we investigated the use of a PDMS

membrane. This would allow for reusable valves and that can be opened and closed.

2.2.8.1.1 Fabricating a 100 um Layer of PDMS First, a hot plate was turned on to 120.

Next, PDMS was prepared by mixing monomer and curing agent in a 10 to 1 ratio. After mixing
for 5 minutes to produce a cloudy solution, the PDMS was centrifuged at 3000 rpm for 10 minutes.
Next, the PDMS was degassed for 10-15 minutes. Next the substrate (glass slide) was prepared
by cleaning with ethanol and N2 gas. Next, the glass slide was plasma cleaned for 30 seconds on

high. Next, the spin coater was set up by setting N2 pressure to 60 psi, and vacuum sealing the
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slide to the center of the chuck.

The rst step here was to prepare a sacri cial layer of poly(acrylic acid) (PAA). Here, a transfer
pipette was used to add 1mL of PAA ( dilutedi®.5%) per inch of glass substrate. Next, the spin
coater was spun at 1000 RPM for 30 seconds. The glass slide was then removed, and placed on the
120 C hot plate for 10 minutes. Next, the slide was transferred back to the spin coater to add the
PDMS. Using a transfer pipette, the PDMS was added to the spin coater and spun at 500 RPM for
30 seconds. Next, the PDMS was cured in an oven set to @Z0r 2 hours. Finally, the PDMS
membrane was released by placing it in a brake lled with DI water and placing the beaker inside
a sonicating bath for 2-3 minutes. After sonication, the membrane was carefully removed using a

tweezer.

2.2.8.1.2 Bonding PDMS to polycarbonate chips After releasing the PDMS membrane, it

was cut into a square to t on top of the micro uidic chip (23 x 23 mm). Using a glass slide, this
PDMS piece was plasma treated on high for 2 minutes. Immediately after plasma treatment, the
PDMS membrane was placed on the micro uidic chip. The chip was then placed on a glass slide

and placed on a hot plate for 5 min at 85. A weight was added on top to improve bonding.

2.2.8.1.3 Testing sealing of chips using a PDMS membranelo ensure the PDMS membrane
could seal the micro uidic chip suf ciently during thermocycling, we conducted testing by load-
ing chips with AuNR solution at 5 OD. This was added to the micro uidic plasmonic RT-PCR

prototype, and 45 cycles of plasmonic thermocycling were completed.

2.2.8.2 Peristaltic pump for loading micro uidic chips

In order to load a micro uidic chip without a pipette, we investigated the use of a mini peri-
staltic pump (Dolomite Micro uidics). The pump had the following speci cations, ow rate =
0.45 mL/min, Power = 0.12 W, Tube Size: OD 2.5 mm, ID 1.5 mm, and Voltage =3 V.

First, to characterize the pump, we correlated voltage across the pump to the ow rate. To

measure the ow rate, we utilized an Elve ow ow sensor connected to the output of the pump.
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We measured ow rate at the following voltages 3, 2.5, 2, 1.5, and 1 V, in order to nd the lowest
voltage that would still allow for uid ow through the tubing.

Next, we utilized a Nanoport connection to 1/16" tubing in order to connect the peristaltic
pump to the micro uidic chip. The port was stuck to the micro uidic chip, using 3M 467MP, 200
MP transfer adhesive. This transfer adhesive was laser cut to the size of the port, with an opening
for the micro uidic chip inlet. This adhesive was cut using a laser cutter by taping the adhesive to
a piece of acrylic underneath. The laser cutter was used at the following settings, Power = 20%,

Speed = 15%.

2.3 Results

2.3.1 Design and fabrication of micro uidic chips
2.3.1.1 Overview of micro uidic chip

Figure 2.5 shows a real image of the micro uidic chip designed for plasmonic RT-PCR and
manufactured by Aline. The design incorporates two separate chambers to run PCR, with two

valves each.

Figure 2.5: Picture of micro uidic chip with two chambers (A, B) and embedded thermocouple.
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The micro uidic chip was constructed using a 10-layer design interspacing thin pieces of poly-
carbonate with silicone pressure-sensitive adhestigu(e 2.6). This construction also allowed
for the integration of a thermocouple inside the chamber. Chips were fabricated using commercial
CO2 lasers to cut features into off-the-shelf plastic and adhesive Ims, which were assembled to-
gether using a batch lamination process. Laser micromachining has previously been demonstrated
to be a fast (15-30 min), low-cost ( $15k for equipment) method for rapid prototyping of micro u-
idic devices [33, 34, 35]. Sales price for the assembled chip was $20.95 per chip at 300 units,
and is expected to decrease appreciably at scale. These layers are grouped into six categories by
function. 1) Flexible membrane (black): seals the top channels and provides a physical barrier
between the inlet and RT-PCR chamber. 2) Top channels (purple): provides a uidic pathway from
inlet and de nes area used for sealing of valves. 3) Top vias (pink): creates a uid path from the
top channels to the RT-PCR chamber. 4) Reservoirs (blue): adds extra depth to the RT-PCR cham-
ber and creates channels for thermocouple integration. 5) Channels (green): creates the outline of
the RT-PCR chamber and connects it to the top vias and top channels. 6) Bottom Cap (orange):
seals the micro uidic chip from the bottom side and provides an opening for the uidic inlet. The
chip design incorporated two chambers to maximize usage of the plastic but only one chamber is

utilized at a time with the device described here.

2.3.1.2 Reducing the contact angle of polycarbonate

A 30-day study was conducted to assess the effect of plasma treatment on the contact angle of
polycarbonate. The contact angle was measured on Day 0, 1, 2, 7, 14, and 30. After initial plasma
treatment, the contact angle dropped from 80.19 33.12. Over 30 days, this contact angle of
both the control and plasma treatment piece of plastic remained constant and was not statistically
signi cant from Day O readingsKigure 2.7). On Day 30, the contact angle for the control piece

was measured at 75 and the plasma-treated piece was measured at 37.77
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Figure 2.6: Exploded view of laser-cut plastic and adhesive Ims bonded via lamination to create
the micro uidic chip. Ten layers of polycarbonate (127 um) and pressure sensitive adhesive (25,
and 150 um) are used to construct the micro uidic chip and integrate a thermocouple (red) into
the RT-PCR chamber (yellow) via the thermocouple channel. These layers are grouped by feature
- exible membrane (black), top channels (purple), top vias (pink), reservoirs (blue), channels
(green), and bottom cap (orange).
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Figure 2.7: 30-day study to test the ability of plasma treatment to reduce contact angle of polycar-
bonate. (A) Contact angle over time at Day 0, 1, 2, 7, 14, and 30. (B) Comparing contact angle at
Day 0 to Day 0 for control and plasma treated sample.

2.3.2 Development of micro uidic, plasmonic thermocycler
2.3.2.1 Overview of prototype device

In order to achieve the required temperatures for PCR ampli cation, a setup wa$-muiite 2.8A)
to position the micro uidic chip with the LED for heating, fan for cooling, as well as the linear
actuators for physically sealing the micro uidic chipigure 2.8B). The setup uses a micro uidic
chip holder to align one chamber of the micro uidic chip to be directly on top of the infrared LED
and the condensing lenBigure 2.8A). A hot mirror (placed inside the 3D-printed adapter) was
positioned to sit on top of the chamber to re ect infrared light back inside. Linear actuators and
a 3D printed adapter were used as a plunger to depress a exible membrane (via the 3D-printed
tip) covering the valves of the micro uidic chige{gure 2.8C). For testing here, the membrane
was a pressure-sensitive optical adhesive tape for PCR plates (see Methods) but other membranes
can also be used (e.g., PDMS). Depressing the membrane created a physical barrier and sealed the
PCR chamber from the inlet/outlet of the micro uidic chip to allow for thermocycling. Early iter-
ations of the chip valving system were tested using a solenoid as a plunger and results showed the
ability to withstand up to 120 psi of pressure with minimal leakage. Although solenoids allowed

for leak-free thermocycling, they were replaced with linear actuators and 3D-printed adapters for
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more ef cient and consistent sealing of the RT-PCR chamber. During fabrication of the micro u-
idic chip, thermocouples were inserted so the junction was in direct contact with the uid, allowing
for temperature measurement inside the solution. This temperature was used as feedback on a PID

control algorithm which set temperatures at user-de ned setpoints.

2.3.2.2 Determining the positioning of LED and micro uidic chip

The micro uidic chip was tested using four different chip holders of varying heights (0 mm,
1 mm. 3 mm, 5 mm). These correspond to the following distances from the LED: 11.65, 12.65,
14.65, and 16,65 mm. IRigure 2.9, we see an initial increase in heating rate to 4/30when
moving from 0 mm to 1 mm. However, the rating rate drops off to 3.55 and 1s/@espectively,

when the height is increased to 3 mm and 5 mm (further away from the LED).

2.3.2.3 Adding a hot mirror

In Figure 2.10 we see a signi cant increase in the heating rate to bothed 95. By adding
the hot mirror, the heating rate to 50ncreased from 4.62s, to 10.31/s. The heating rate to 95

increased from 1.49s, to 4.70 /s. The hot mirror was incorporate for all testing going forward.

2.3.3 Demonstration of rapid thermocycling on chip
2.3.3.1 Changing the concentration of AUNRS in solution

Gold nanorods diluted in DI water (5 OD - 90 OD) were loaded into a micro uidic chip for
testing to display rapid thermocycling. The following RT-PCR thermocycling protocol was run
(time at target temperature): 3 minutes at 52 °C, 10 seconds at 95 °C, followed by 45 cycles of
1 second at 95 °C and 3 seconds at 60 F@re 2.11A). Increasing the concentration of gold
nanoparticles from 5 OD to 90 OD reduced the time for completing 45 cycles from 18 min to
10 min (igure 2.11). Figure 2.11B compares the average heating and cooling rates achieved
across 45 cycles in Figure 2A (heating/cooling rate de ned &smperature(°C)/ time (s)). Ata

concentration of 5 OD, the average heating rate was 3.12 £ 0.12 °C/s (mean + standard deviation
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Figure 2.8: Design of instrument performing plasmonic thermocycling on-chip, design of mi-
cro uidic chip, and demonstration of plasmonic thermocycling. (A) Prototype device developed
for plasmonic thermocycling on chip. The micro uidic chip holder positions one chamber of the
micro uidic chip to sit directly inline with the infrared LED/condensing lens and to be sealed using
the linear actuators and a 3D-printed adapter. (B) Schematic diagram of components for heating
(infrared LED, condensing lens, hot mirror), cooling (cooling fan for chip) and sealing (linear
actuators and 3D-printed adapter) of the micro uidic chip during plasmonic thermocycling. The
infrared LED is cooled using a heatsink and a cooling fan. (C) Overview of micro uidic chip
design and mechanical sealing of valves. A linear actuator connected to a 3D-printed adapter, acts
as a plunger (using the 3D-printed tip) to depress a exible membrane and physically block uid
ow in and out of the PCR chamber at the designated valve area (purple). A light-curable adhesive
(blue) is used to seal the thermocouple (red), such that the junction is in direct contact with uid
inside the chamber of the micro uidic chip
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Figure 2.9: Changing the distance between the infrared LED and micro uidic chip (0-5 mm) and
its effect on heating pro les (A) and heating rates (B)

Figure 2.10: Comparison of plasmonic heating rates on chip with and without hot mirror in pro-
totype setup
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(s.d.)), and the average cooling rate was -4.99 = 0.19°C/s across the 45 cycles. With an increased
concentration of gold (90 OD), the average heating rate increased to 9.74 + 0.74 °C/s, and the
average cooling rate is -5.97 = 0.18 °C/s across 45 cycles. The algorithm was able to reach and
sustain the desired target temperatures for the different stages of RT-PCR (Figure 2.11C). At the
initial target hold of 52 °C, the average temperature measured across three minutes was 52.00 *
0.08 °C (5 OD) and 52.00 = 0.14 °C (90 OD) (mean * standard deviation (s.d.)). At the initial
target hold of 95 °C, the average temperature measured across 10 seconds was 94.89 + 0.23 °C
(5 OD) and 94.93 + 0.35 °C (90 OD). Across 45 cycles, the average temperature recorded at the
1-second target hold of 95 °C was 94.81 + 0.06 °C (5 OD) and 94.97 + 0.09 °C (90 OD). The
average temperature recorded at the 3-second target hold of 60 °C was 60.07 = 0.01 °C (5 OD) and
60.02 + 0.03 °C (90 OD). Temperature was recorded every 51-52 ms.

2.3.3.2 Alternative photothermal nanoparticles

2.3.3.2.1 Gold Bipyramid nanoparticles Using the silica coated, PEG functionalized gold
nanoparticles received from our collaborator, we rst characterized the absorbance spectrum and
compared it to the AUNRs we were already using from nanopBitire 2.12compares the spec-
trum for two different batches of AuBPs received.Rigure 2.12A the full width half maximum
(FWHM) for the AuNRs is 113 nm vs 90 nm for AuBPs. The spectral peak of the AuBPs is red
shifted to 858 nm, compared to a speak of 823 nm for AuNRs:igmre 2.12B the FWHM for
the AuNRs is 165 nm vs 108 nm for AuBPs. These results aligned with the expectation that the
AuBPs would demonstrated lower polydispersity, as demonstrated by the narrowed FWHM.
Initial trials of plasmonic thermocycling on chip with Batch 1 and Batch 2, did not yield great
results. We were unable to reliably cycle for RT-PCR over 45 cycles. The hypothesize was that
the silica coating was too thing, and the nanoparticles were not thermally stable. After some
modi cations and changes to the nanoparticles fabrication procedure, a 3rd batch was created.
Figure 2.13shows preliminary plasmonic thermocycling on chip data using AuBPs from batch

1. We were able to successfully conduct a full RT-PCR thermocycling protocol in under 20 min-

31



Figure 2.11: Rapid thermocycling on chip. (A) Demonstration of rapid plasmonic thermocycling

on chip using diluted gold nanorods irradiated with an infrared LED. The following thermocycling
protocol was run (time at target temperature): 2 minutes at 52 °C, 10 seconds at 95 °C, followed
by 45 cycles of 1 second at 95 °C and 3 seconds at 60 °C. Increasing the concentration of gold
nanoparticles from 5 OD to 90 OD reduces the time for completing 45 cycles from 18 min to
10 min. (B) Average heating and cooling rates achieved across the 45 cycles shown in A (heat-
ing/cooling rate de ned as (temperature(°C))/(time (s))). At 5 OD, the average heating rate is

3.12 + 0.12 °C/s, and the average cooling rate is -4.99 + 0.19°C/s. At 90 OD, the average heat-
ing rate increases to 9.74 + 0.74 °C/s, and the average cooling rate is -5.97 = 0.18 °C/s (mean
+ standard deviation (s.d.), n=45). (C) Average temperatures achieved (as measured by the ther-
mocouple) during the thermocycling protocol shown in Figure 2A. Using gold nanoparticles at a
concentration of 5 OD, the average temperatures measured are 52.00°C (n =2257), 94.89 (n=185),
94.81 (n=45), and 60.07 (n=45). Using gold nanoparticles at a concentration of 90 OD, the average
temperatures measured are 52.00°C (n =2257), 94.93 (n= 185), 94.97 (n=45), and 60.02 (n=45).
Temperature measurements were recorded every 51-52 ms. Error bars in all gures indicate mean
+ standard deviation
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Figure 2.12: Characterization of gold bipyramid (AuBP) and gold nanorod (AuNR) absorbance
spectrums. (A) Normalized absorbance spectrum comparing Batch 1 of AuBPs to AuNRs (B)
Normalized absorbance spectrum comparing Batch 2 of AuBPs to AUNRs

Figure 2.13: Initial demonstration of plasmonic thermocycling with AuBPs on chip. (A) Thermo-
cycling pro le using AuBPs on chip (B) Comparison of heating rates during plasmonic thermocy-
cling on chip between two different batches of AUBPS to AuNRs
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Figure 2.14: Characterization of ICG J-aggregates for plasmonic heating. (A) Normalized ab-
sorbance spectra of bare and PEGylated ICG J-aggregates (B) Normalized absorbance spectra
before and after thermocycling in a QuantStudio thermocycler (C) Initial results from plasmonic
thermocycling on chip (D) Comparison of heating rates for initial testing of plasmonic thermocy-
cling.

utes. Additionally the heating rates achieved during thermocycling were on par with the heating
rates achieved with AUNRs. While the rates showed more variation across runs, the average heating

rates at the same OD were essentially the same.

2.3.3.2.2 ICG J-aggregates Initial measurements with ICG J-aggregates showed a strong ab-
sorbance peak at 846 nrhRigure 2.14A). However, after thermocycling in a QuantStudio, the J-
aggregates visibly changed color, which was con rmed from an absorbance redjage(2.14B).

With initial testing with photothermal heating using the setup described earlier, the particles looked

promising Eigure 2.14C,D, however, they were unable to sustain heating for all 45 cycles.
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2.3.4 Validating temperature on chip using a thermal camera

To con rm that the chamber is able to reach the target temperatures for RT-PCR during plas-
monic thermocycling, we measured the temperature of the chamber using a thermal Eaguee2(15A).
The thermal camera was placed 15.5 cm above the micro uidic chip and centered on the RT-PCR
chamber. First, the thermal camera was calibrated to the temperature measurement of the integrated
thermocouple of an empty micro uidic chip heating using a hot pl&igyre 2.16B). Repeated
measurements were taken on different micro uidic chips. At a temperature of 52 °C on the hotplate
(measured by the thermocouple), the average difference in temperature (thermocouple - thermal
camera reading) was 2 °C. At a temperature of 95 °C on the hot plate (measured by the thermo-
couple), the average difference in temperature was 2 + 0.47 °C (mean + standard deviation (s.d.)).
Using the thermocouple temperature as the ground truth, the thermal camera was determined to
be underreporting the temperature of the chip by 2°C, and this offset was factored into subsequent
analysis. Next, we ran plasmonic thermocycling (using diluted solutions of gold nanorods at 5 OD)
on different chips, while measuring the temperature on chip using the thermal camera. Initially, the
temperature at the hold stages for reverse transcription (target = 52°C) and denaturation (target =
95 °C) were assessed. The average corrected temperature readings from the thermal camera were
51.98 °C and 95.53 °CH{gure 2.15 Figure 2.16). Thermal imagesKigure 2.15D) con rmed
the ability to reach desired target temperatures during the three different stages of plasmonic RT-
PCR (reverse transcription, denaturation, annealing/extension). There was a -2°C offset in thermal
camera readings as determined by the thermocouple calibr&iguré 2.15B). After applying the
offset, at target temperatures of 52°C, 95°C, and 60°C, the thermal camera measured 51°C, 95°C
and 61°C. These temperature measurements con rmed that the thermocouple and PID algorithm

are capable of attaining targeted temperatures, to enable closed-loop on-chip thermocycling.
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