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Typical SARS-CoV-2 PCR Detection Workflow
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e.g., Take a swab from 
saliva, sputum…

If the virus is present, 
its RNA (single-stranded 
DNA) is obtained here

1 2 3 Convert its RNA to DNA, 
then use PCR to test if it is 
“cloneable”
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Real-Time PCR using Applied Biosystems TaqMan “Assay”

Polymerase Chain Reaction

Raise temperature to 
separate the virus’s 
reverse-transcribed DNA 
(assuming it’s present)

Test if the primer’s 
genetic sequence 
matches the sequence 
on the separated strands

1 2 3 If match is successful, then as 
temperature is lowered, dye is 
“freed” as two new DNAs are 
“stitched” from the primers
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Basic Components of a Real-Time PCR Optical System

PCR Cycles
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reactions

Photo Credit: Centers for Diseases 
Control and Prevention, PHIL ID: #23214

To design the optics, we 

have to think about what 

makes this curve and how it 

is useful to people

https://doi.org/10.6084/m9.figshare.16681888
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Fundamentals of Real-Time PCR Detection (TaqMan Assays)

𝐹𝑡𝑜𝑡,𝑗 ≈ 𝑘
𝐶𝑜
2


𝑖=1

𝑗

1 + 𝐸 𝑖 + 1 − 𝑞 𝑘 𝐷𝑡𝑜𝑡 −
𝐶𝑜
2


𝑖=1

𝑗

1 + 𝐸 𝑖 + 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

Initial concentration of target 
DNA (halved, because in 
TaqMan assays, dyes attach to 
only one of the strands of a 
DNA molecule they seek)

Total 
signal

= 𝑘𝑞
𝐶𝑜
2


𝑖=1

𝑗

1 + 𝐸 𝑖 + 1 − 𝑞 𝑘𝐷𝑡𝑜𝑡 + 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

Background can arise from 
plate autofluorescence, 
sensor dark currents, etc.

Dye’s 
quenching 
efficiency 
0 ≪ 𝑞 ≤ 1

Total concentration of 
quenched dyes depletes as 
concentration of fluorescent 
dyes increases

“Baseline”
Fluorescence Signal

To
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Background can be 
subtracted through 
calibration

“Baseline”

“Plateau”

PCR Cycles 𝑗

We are ignoring 
this part of the 
curve for now

PCR “efficiency”

𝑗 = 1, 2, 3…

Optical factor
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The Log-Linear Curve of Real-Time PCR
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𝐹𝑗 ≈ 𝑘𝑞
𝐶𝑜
2


𝑖=1

𝑗

1 + 𝐸 𝑖 =
𝑘𝑞

2

𝐶𝑜(1 + 𝐸)

𝐸
1 + 𝐸 𝑗 − 1

Geometric
series

Like the future value 
of an annuity

≈ 𝑘𝐶𝑜 1 + 𝐸 𝑗

Like compound 
interest

Approximation for large 𝑗 and 
for 0 ≪ 𝐸 ≤ 1, and 𝑞 ≈ 1

Log(NOISE)

log(𝐹𝑗 ± 𝑁𝑜𝑖𝑠𝑒) ≈ log 1 + 𝐸 𝑗 + log 𝑘𝐶𝑜 ± log(𝑁𝑜𝑖𝑠𝑒)

Fluorescence intensity 
after subtracting 
baseline

𝐹𝑗 ± 𝑁𝑜𝑖𝑠𝑒 ≈ 𝑘𝐶𝑜 1 + 𝐸 𝑗 1 ±
1

𝐹𝑗
±

LOD

𝐶𝑜 1 + 𝐸 𝑗

𝑦 ≈ 𝑚𝑥 𝑏+ ± 𝑁𝑜𝑖𝑠𝑒

This is saying that the amplifying DNA concentration 
must reach a “limit of detection” (LOD), beyond 
which the signal becomes limited only by its own 
shot noise (and that’s what we want!)

Plateau

Add noise from background

Signal 
shot 
noise

INITIAL 
SIGNAL

AMPLIFYING 
SIGNAL

BACKGROUND
NOISE

TOTAL
SIGNAL

PCR Cycles 𝑗
“Cycle threshold”
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Goals of Optical System Design for Real-Time PCR

𝐹𝑗 ± 𝑁𝑜𝑖𝑠𝑒 ≈ 𝑘𝐶𝑜 1 + 𝐸 𝑗 1 ±
1

𝐹𝑗
±

LOD

𝐶𝑜 1 + 𝐸 𝑗

1 Minimize the LOD (this is like a “noise equivalent 
concentration”, which is the minimum concentration 
of DNA needed to reach a fluorescent signal “at the 
maximum noise level”)

2 Maximize 𝒌

This is a quantity that involves all of the 
factors and variables associated with the 
optical system (and sometimes, also involves 
factors from the chemistry of the reaction)

https://doi.org/10.6084/m9.figshare.16681888
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Where does 𝒌 come from?

Source

𝐼(𝑧) = 𝐼𝑜 exp −𝑎𝜀𝐶𝑜𝑧

𝑧

𝐼(𝑧)

𝐼𝑎𝑏 𝑧 = 𝐼𝑜 1 − exp −𝑎𝜀𝐶𝑜𝑧 ≈ 𝐼𝑜𝑎𝜀𝐶𝑜𝑧

Illuminated 
sample volume

Transmitted Irradiance

Absorbed Irradiance

Low-order term in a 
Taylor expansion

Φ𝑎𝑏 ≈
𝐼𝑜
ℎ𝜈

𝑎𝜀𝐶𝑜𝐴𝑧

Φ(𝜆)𝑒𝑚 ≈
𝐼𝑜
ℎ𝜈

𝑄𝑓𝑒𝑚(𝜆)𝜆

∞−
+∞

𝑓𝑒𝑚(𝜆)𝜆𝑑𝜆
𝑎𝜀𝐶𝑜𝐴𝑧

Absorbed 
Photon Flux

Emitted 
Photon Flux

Quantum Yield

𝐹 ≈ 𝐶𝑜න
−∞

+∞ 𝐼𝑜
ℎ𝜈

𝑄𝑓𝑒𝑚 𝜆 𝜆

∞−
+∞

𝑓𝑒𝑚 𝜆 𝜆𝑑𝜆
𝑎𝜀𝐴𝑧𝑇(𝜆) 𝜂 𝜆 𝑑𝜆

𝒌

Sensor’s quantum 
efficiency

Transmittance of 
filters, lenses, etc.

Detected 
Fluorescence

Fluorescent 
Sample

Reaction 
Vessel

Note: we are ignoring 
reflections, scatter, 

numerical apertures, and 
probably many other factors 

(but you get the idea)

HINT: You have to “ride” a PHOTON

This
PHOTON

What’s 
in my 
path?

https://doi.org/10.6084/m9.figshare.16681888
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Example: An imaging-based real-time PCR optical system

Lens Design

Optical System Design

• What’s the most suitable lens design form?
• Does lens relative illumination play a role?
• What ray angles are incident on the filters? (the %T bandpass of thin-film 

filters shifts towards shorter wavelengths at high incident angles)

• Have we accounted for all factors in 𝑘? – “What” does the photon “feel”?
• Is this the most suitable optical architecture to meet system requirements?
• Talk to everyone: engineers, software developers, biologists, managers, marketing…
• Perform Monte Carlo simulation for system tolerancing analysis
• Explore and identify new technologies that may be applied to solve problems

• Reflectors or lenses?
• Source spectrum?
• Étendue/Uniformity?

Illumination 
Design

So this is 
optics in 
real life…

PHOTON

https://doi.org/10.6084/m9.figshare.16681888
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Digital PCR: absolute quantification of DNA

𝜇 ≈ − ln
𝑁 − 𝐵

𝑁
± 𝑢𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦

𝑃(𝑥) ≈
𝑒−𝜇𝜇𝑥

𝑥!
𝑃(0) ≈ 𝑒−𝜇 ≈ (𝑁 − 𝐵)/𝑁

Probability of having 𝑥
counts of DNA per partition

Solve for 𝜇

𝑁 = Total number of partitions

𝐵 = Number of bright partitions

𝜇 = Mean number of DNA 
molecules per partition

https://doi.org/10.6084/m9.figshare.16681888
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From the recent Thermo Fisher newsroom (Sep 20, 2021)

“

”

https://doi.org/10.6084/m9.figshare.16681888
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Some Novel PCR Detection-Related Developments

• J. H. Son, B. Cho, S. Hong, S. H. Lee, O. Hoxha, A. J. Haack, and L. P. Lee, “Ultrafast photonic PCR,” 
Light Sci. Appl. 4, e280 (2015)

• V. J. Gadkar, D. M. Goldfarb, S. Gantt, and P. A. G. Tilley, “Real-time Detection and Monitoring of 
Loop Mediated Amplification (LAMP) Reaction Using Self-quenching and De-quenching Fluorogenic 
Probes,” Scientific Reports 8, 5548 (2018)

• J. Nurmi, H. Lilja, and A. Ylikoski, “Time-resolved fluorometry in end-point and real-time PCR 
quantification of nucleic acids,” Luminescence 15(6), 381-388 (2000)

• X. Fan and S-H Yun, “The potential of optofluidic biolasers,” Nature Methods 11, 141-147 (2014)

• P. Mohammadyousef, M. Paliouras, M. Trifiro, and A. G. Kirk, "A Novel Portable Fluorophore-free 
Photonic qPCR for Point-of-Care Applications," in Biophotonics Congress: Biomedical Optics 2020 
(Translational, Microscopy, OCT, OTS, BRAIN), OSA Technical Digest (Optical Society of America, 
2020), paper TTh4B.6

Uses ultra-violet 
absorption by DNA!

Essentially converts bio-
samples into lasers!

Eliminates background 
autofluorescence!

Real-time DNA 
detection without 
thermal cycling!

Uses light to heat and 
cool for PCR!

https://doi.org/10.6084/m9.figshare.16681888
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Questions?

15

PS: I didn’t talk about “multiplexing” 

(so, you can ask me about it here ☺)
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