
  

  

Abstract— A mathematical model for DNA quantification was 

calibrated using experimental results from real-time 260nm 

absorption measurements of plasmonic PCR thermocycling. The 

effect of different PCR parameters on template amplification 

was investigated using the calibrated model.  

 
Clinical Relevance— The results will aid researchers to 

optimize PCR reagent concentrations and system conditions to 

achieve faster and more efficient amplification as well as more 

sensitive amplicon detection. 

I. INTRODUCTION 

Real-time polymerase chain reaction, also known as 
quantitative PCR (qPCR), is used to determine relative 
quantification of enzymatically amplified double-stranded 
DNA (dsDNA) fragment carried out in three steps 
(denaturation, annealing, and elongation) controlled by 
temperature. In theory, considering the amplification 
efficiency of 100%, the target grows exponentially as the PCR 
cycles proceeds, i.e, the amount of PCR product after n cycles 
is 2n times the initial DNA concentration [1, 2]. However, in 
practice limiting factors such as primer-dimer accumulation, 
non-uniform temperature regulation, exhaustion of reagents, 
thermal inactivation of the DNA polymerase decrease 
efficiency as the PCR cycles progress [3]. The PCR efficiency 
is instrument dependent and for an acceptable designed qPCR 
machine, the efficiency should fall above 90% [4]. Many 
stochastic and mathematical models have been presented to 
calculate expected efficiency to identify the factors reducing 
PCR yield. Most models reported an overall PCR performance 
in which the efficiency of the reaction remains constant 
throughout all PCR cycles [5-7]. These models are only 
applicable for the early cycles when the efficiency is nearly 
constant. Other models have considered the cycle dependency 
of PCR efficiency by incorporating the melting, annealing, and 
elongation steps efficiencies into overall efficiency [8, 9]. 
These models were used in qPCRs to analyze and detect 
parameters controlling or degrading denaturing, annealing, 
and extension efficiencies [10, 11]. In this study, we use a 
mathematical model presented by Booth et al. to investigate 
cycle to cycle efficiencies and PCR reagent concentrations of 
a real-time 260nm detection plasmonic PCR system [11, 12]. 

The plasmonic amplification is carried out by 
photothermal heating of evenly dispersed gold nanorods 
(AuNRs) in PCR reaction by an 808nm vertical-cavity surface 
emitting laser (VCSEL) irradiation [13-16]. The real time 
detection is based on measuring transmitted 260nm power 

 

 
 

from a UV LED through PCR solution by a photodetector [17, 
18]. The UV transmittance exhibits a sigmoidal-shaped curve 
for successful PCRs and a monotonically increasing 
exponential curve for failed PCRs. The UV transmittance 
curve shapes and threshold cycles (Ct) serve as fingerprints to 
determine PCR results and the amount of amplified DNA, 
respectively. Model calibration based on captured UV 
transmittance data quantifies PCR parameters such as rates of 
primer and template annealing as well as polymerase binding. 
These parameters will help to optimize PCR ingredients’ 
concentration for faster and more efficient PCR. Furthermore, 
the calibrated model was used to study the impact of 
template/polymerase plasmonic thermal/UV damage and 
annealing step duration on amplicon generation. 

II. MATERIALS AND METHODS 

A. PCR Sample Preparation 

The 20µL PCR mixture contained 1.6µL of  HemoKlentaq 
polymerase (New England Biolabs, Ipswich, MA), 4µL of its 
buffer, 1.2µL of 5μM forward and reverse primers with 
sequences of 5’-TCCGGAGCGAGTTACGAAGA-3’ and 5'-
AATCAATGCCCGGGATTGGT-3', 0.5µL of 2mM dNTPs, 

and 4.5×105 copies of Chlamydia Trachomatis Strain LGV III 
(ATCC, Manassas, VA). Different DNA copy numbers are 

obtained by making 10-fold serial dilutions of 4.5×105 copy 
number stock solution. The plasmonic amplification of DNA 
is enabled by adding 1µL of 50nM Poly(enthylene glycol)-
modified gold nanorods (PEG-AuNRs) purchased from 
Nanopartz (Loveland, CO) to obtain final concentration of 
2.5nM of AuNRs. The ingredients were diluted with double 
distilled water to obtain the final volume of 20µL. The 
transverse and longitudinal surface plasmon absorption peaks 
of AuNRs are 507nm and 808nm. Final PCR reaction mixture 
is placed in a 0.2mL thin walled PCR tube. To avoid water 
evaporation the reaction was covered with 50µL of mineral oil. 

B. Working principle  

The photothermal amplification is performed by an 808nm 
3W VCSEL and a fan. The plasmonic thermocycling is 
conducted by maintaining the denaturation, annealing, and 
elongation steps temperatures constant at 85ᵒC±0.22, 

60ᵒC±0.11, and 72ᵒC±0.24 for 1, 5, and 1s, respectively.  

Using only 2W of VCSEL’s power, the average heating and 
cooling rates for 40 cycles are 6°C/s and 3.3°C/s, respectively. 
For real-time amplicon detection, 260nm LED irradiated the 
tube for 50ms to collect the UV transmittance readings of 
every cycle by a 150-550nm gain amplified photodetector. The 
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UV transmittance data is plotted against cycles to generate 
amplification curves (Fig. 1). The shape of curves reveals PCR 
results (successful or failed). 40 cycles of amplification and 

detection of 105 copies of Chlamydia Trachomatis DNA with 
an extension length of 300 base pair (bp) was achieved under 
15mins. 

 
Figure 1. (a) UV transmittance data for positive (pink) and negative 

(blue) controls with least square fitted curves (solid line). (b) Design 

layout of VCSEL-based thermocycler and UV detection system.  

III. MODEL CALIBRATION 

The model reported by Booth et al. is valid with the 
following assumptions: i) DNA and polymerase damage are 
independent of PCR cycles ii) absence of primer-dimer events 
and primer-template annealing during elongation step iii) 
constant extension rate iv) irreversible annealing and 
elongation reactions v) the concentration of forward and 
reverse primers are equal, and they bind to equal number of 
complementary single-stranded DNA (ssDNA) molecules, 
and finally vi) during melting step, all dsDNA molecules are 
converted to ssDNA. Model parameters are classified into 
experimental (known) and predicted (unknown) groups. Table 

  demonstrates the experimental variables set in the real-time 
UV monitoring plasmonic PCR device. The five unknown 

parameters are shown in Table . To simplify the calibration 
process, the polymerase binding rates at annealing and 
elongation temperatures (60 and 72ºC) are considered equal 

(KC=KC
* ). In Table  and Table , we used the same 

nomenclature as Booth et al. [11, 12]. 

TABLE I.  PLASMONIC UV SYSTEM KNOWN PARAMETERS 

Experimental 

Parameters 
Description Value Unit 

S0 
Initial DNA concentration/Copy 

number 

8.3e-9/ 

105 
µM 

P0 Starting Primer Concentration 0.15 µM 

E0 Initial polymerase concentration 0.5 µM 

V Polymerase extension rate 500 bp/s 

lDNA Template length 221 bp 

lprimer Primer length 20 bp 

ta,te Annealing/Elongation duration 5/1 s 

TABLE II.  UNKNOWN PARAMETERS  

Predicted 

Parameters 
Description Unit 

Kp Primer annealing rate µM/s 

KS ssDNA annealing rate µM/s 

KC and KC
*  

Polymerase annealing rate at annealing and 
elongation steps 

µM/s 

η
d
 ssDNA thermal damage - 

η
dE

 Polymerase thermal damage - 

Different experiments with varying initial DNA 
concentrations were undergone plasmonic amplification, and 
the amplification curves (transmittance vs. cycles, TExperimental) 

were obtained experimentally (Table ). The same 
experiments were used to calibrate the unknown parameters. 

TABLE III.  EXPERIMENTS FOR QUANTIFYING UNKNOWN PARAMETERS 

Experiments 

No. 

Different DNA starting 

copy number 

1 105 

2 104 

3 103 

4 102 

5 10 

6 1 

 

For each set of predicted unknown parameters, the model 
calculates DNA concentration per PCR cycle, and from DNA 
concentration, the concentration of consumed free nucleotides 
is calculated using primer and template length difference. 

[dNTPs]=S×(l
DNA

-lprimer) () 

It is known that the PCR reagents with highest 260nm 
absorption are nucleotides and Taq polymerase due to their 
heterocyclic rings and aromatic amino acid network, 
respectively [19-21]. Therefore, in order to calculate the 
260nm transmittance of the model for the calculated dNTPs 
and Taq concentrations, the absorbance (A) of varying dNTPs 
and Taq concentrations were measured using UV 
spectrophotometer (DS-11 Series, DeNovix Inc.). Equation (2) 
and (3) show linear relation between AdNTPs and ATaq and their 

corresponding concentrations. 

AdNTPs=3.69[dNTPs]
mM

+0.125 () 

ATaq=1.21[Taq]
µM

+2.34 () 

Using the superposition of dNTPs and Taq absorbance 
with respect to optical path length of UV system and the 
spectrometer (OPLUV sys. and OPLSpectrometer), transmittance 

of the model (TModel) is calculated as follows: 

Atotal=AdNTPs+ATaq () 

AUV system=
OPLUV system

OPLSpectrometer

×Atotal () 

TModel=10-AUV system  () 

The calculated transmittance (TModel) is normalized and 
plotted against cycles. The set of unknown parameters 
demonstrating the least square error fit between TModel and 

TExperimental are presented in Table V. Fig. 2 illustrates 

TExperimental (solid line) and TModel  (plus signs) with the 

defined unknown parameters in Table V for different initial 
DNA concentrations. 
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TABLE IV.  DETERMINED UNKNOWN PARAMETERS BY LEAST SQUARE 

FITTING TMODEL TO TEXPERIMENTAL 

Calculated 

Parameters 
Value Unit 

Kp 4.21±0.87 µM/s 

KS 4.18±0.86 µM/s 

KC=KC
*  10.34 µM/s 

η
d
 1 - 

η
dE

 0.95 - 

 

 

 

Figure 2. Comparison of TModel and TExperimental for (a) 105 to 100 

and (b) 10 to zero initial DNA copy number. 

IV. RESULTS 

Once the model is calibrated, the limiting factors 
controlling the PCR yield can be analyzed. In this section, the 
initial DNA copy number is set at 104, and the rest of the 

model parameters are equal to Table  and V. Since the source 
of heat generation is non-radiative decay of localized surface 
plasmons, the localized hot spots in close proximity of DNA 
result in DNA thermal damage. Based on Booth et al. model 
the denaturing efficiency (η

d
) is DNA thermal damage, and 

Fig. 3 shows with smaller η
d
, the threshold cycle (Ct) is 

constant; however, after Ct fewer dsDNAs are formed. 

Figure 3. Relation between DNA thermal damage and amplicon 

generation. 

 

Like DNA, polymerase is vulnerable to thermal damage in 
plasmonic amplification. Fig. 4 demonstrates for polymerase 
denaturing damage of less than 0.89, the DNA replication 
ceases and starts to decrease after cycle 30 due to thermal 
inactivation of the DNA polymerase. 

 

Figure 4. Template concentration vs. polymerase denaturing 

damage. 

 

The other parameter which impacts the elongation 
efficiency is UV damage to DNA helix which induces 
formation of pyrimidine dimers [19, 20]. Therefore, we 
introduced a new UV damage factor (η

dUV
) into the model. As 

a result, elongation efficiency at cycle j (η
e
j ) is defined as the 

product of UV damage factor and completely extended ternary 

complex molecules (CC

j
) divided by the total ternary complex 

molecules formed at the end of elongation step (Ce
j ). 

η
e
j =η

dUV

CC
j

Ce
j
 () 

The UV damage to ternary complexes not only reduces 
number of generated dsDNAs but also right shifts the Ct value 
(Fig. 5). Thus, samples with identical initial DNA 
concentration, PCR protocol, and reagents, but dissimilar UV 
exposure time show different Ct values, and this reduces the 
sensitivity in amplicon quantification. 

(a) 

 

(b) 
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Figure 5. UV damage factor changes PCR efficiency and Ct. 

 

One advantage of amplifying dsDNA plasmonically is the 

short amplification time. In our photonic qPCR procedure, the 

duration of annealing step (ta) is 5 times more than the other 

two PCR steps. Therefore, ta as the most time-consuming step 

duration is worth of study to understand how it governs 

dsDNA generation. The results in Fig. 6 indicates that both 

amplified template concentration and threshold cycle are 

affected by the amount of time dedicated to primer-template 

annealing. For time duration less than 3s, the amplification 

profile never reaches plateau phase under our plasmonic UV 

detection system’s condition. 

 
Figure 6. Amplification profiles for different ta. 

V.  CONCLUSION 

The use of mathematical model uncovers how PCR 

conditions impact PCR efficiency and detection sensitivity in 

our plasmonic qPCR such as thermal and UV damage to DNA 

due to plasmonic amplification and UV detection. Therefore, 

these model analyses will help to change PCR protocols to 

maximize DNA replication. In future publication, the 

presented results will be experimentally validated. Also, UV 

amplification curves for other PCR conditions such as 

different types of DNA and polymerases along with varying 

template lengths will be experimented and compared with 

model generated UV curves. 
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