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Successful implementation of the high-resolution melting analysis (HRMA) requires precise provision of

temperature conditions. The paper presents the results of numerical modeling of thermal processes in the thermal

block of the detecting amplifier, as well as the corresponding analytical solutions in a spatially one-dimensional

approximation and with a medium homogeneous in thermal diffusivity. Estimates of the temperature distribution on

the detecting amplifier are given when implementing various heating modes in different temperature ranges. The

results obtained will reduce the errors in determining the melting temperature, or make the necessary corrections

for the systematic error, and can be applied in the development of new devices.
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DNA melting, also known as denaturation or helix−coil

transition, is the key source of information about energetics

of the DNA double helix [1,2]. Modern high-resolution

melting (HRM) analysis is a method for monitoring the

dissociation of hydrogen bonds between complementary

strands of double-stranded DNA during temperature rise

in the presence of fluorescent dyes [3,4]. Differences

in the base composition (single nucleotide polymorphism,

epigenetic modifications) affect the DNA melting tem-

perature Tm and a shape of the melting curve (fluo-

rescence intensity vs. temperature), which is detected

by high-sensitivity instruments — detecting amplifiers [5].

Reliable detection of these differences directly depends

on the accurate measurement of Tm [6], and the anal-

ysis time depends on the sample temperature variation

rate.

High-rate HRM (8 ◦C/s) has made it possible to improve

the analysis reliability, besides the analysis time reduc-

tion [7]. In [8], it is shown that minor differences in Tm can

be easier detected at higher melting rates. It is important

to evaluate the effect of thermal processes caused by the

characteristics of instrumental implementation of HRM on

the analysis data.

Thermal mode in most of detecting amplifiers is provided

by the Peltier elements that have a thermal contact with

a metal tube holder, on the one hand, and with a

radiator ventilated by air flow from a fan, on the other

hand (Figure 1). Tube holder temperature is controlled

using the AD590JF (Analog Devices) sensor readings with

a maximum absolute error of ±0.5 ◦C. Tubes with samples

placed in the tube holder wells are hold down on top by

a thermal insulation cover, which prevents condensation on

tube walls through heating, generally, to 105 ◦C.

This study proposes a closed-form solution of a thermal

diffusivity equation with respect to
”
averaged“ medium.

It is a non-steady-state, spatially one-dimensional equation

(normalized vertical z coordinate), where the zero level is

a surface (bottom) where temperature is controlled either

in a stepwise fashion 1T or in a linear fashion bt; constant

temperature T0 is set at the upper boundary. Closed-form

solution makes it possible to identify a link between the

control temperature at z = 0 and temperature boundaries

in a tube with a sample and to introduce a bias adjustment

for the measurement of Tm.

Transition to one-dimensional simulation is based on

solution (infinite sum) for a case [9] with the boundary
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Figure 1. Schematic cross-sectional drawing of the thermal unit

of the detecting amplifier. I — tube holder, II — tubes, III —
Peltier elements, IV — radiator, V — thermal insulation cover,

VI — temperature sensor.
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Figure 2. Calculated temperatures at the bottom of the sample

(z = 0.10) and at the top of the sample (z = 0.15); control

temperature at the bottom of the tube holder (z = 0).

condition dT
dr

+ haT = 0 with low heat exchange (ha ≪ 1).

To evaluate the relation between temperature variations

in a radial plane and vertical direction, we can limit

ourselves to a summand of a sum with the first positive

root of the equation γ1J1(γ1) = haJ0(γ1), where Jk is the

Bessel function of the first kind k . Radial temperature

variations are defined by variation of the Bessel function

from 1 to J0(γ1), vertical variations are associated with

hyperbolic cosine variation from 1 to ch(γ1l/a). If ha = 0.3

is taken as an example, then the Bessel function values

range from 0.865 to 1, and for the height/radius ratio

l/a = 5, the hyperbolic cosine varies within 1−20.748,

when using 0.2ml qPCR tubes (radius 6mm, height

22mm) l/a > 7. Thus, vertical heat transfer is mani-

fold greater than radial one, and we can limit ourselves

to it.

For computational convenience, all temperatures are

shifted by the initial temperature level. The least time

constant corresponding to the normalized thermal diffusivity

coefficient was approximately equal to 2.2 s−1.

The problem of mathematically accurate, but physically

approximate tube temperature dependences, which corre-

sponds to z = [0.1; 0.15], is solved by a classical method

of separation of variables (Fourier)followed by expansion

of solution in eigenfunctions in the form of sin(π jz ),

j = 1, 2,. . . .

For the first case, temperature jump by 2 ◦C at the

boundary at the bottom of the tube holder z = 0 (set

control temperature) and then maintenance of the constant

temperature — calculated temperature curves at the bottom

of the sample (z = 0.1) and at the top of the sample

(z = 0.15) are shown in Figure 2.
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Figure 3. Calculated temperatures in a tube with a sample with

linear control bt at b = 0.25 (a), 0.5 (b) and 0.8 ◦C/s (c).
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Figure 4. Mean melting temperatures of 48 samples (a) and standard deviation (b) depending on heating rates.

Equations for the method of separation of variables for

this thermal diffusivity problem are as follows:

T (z , t)=1T +(T0−1T)z+

∞
∑

j=1

α j exp
(

−a2(π j)2t
)

sin(π jz ),

where

α j = −
2

π j

(

(1− (−1) j)1T + (−1) j(T0 − 1T )
)

.

There is a systematic substantial divergence between the

temperature and control temperature, which declines as the

temperature setting process is being completed. Whereas

a) significant temperature variations are observed at times

exceeding the threefold value of the above-mentioned time

constant 2.2 s−1; b) temperature divergence within a tube

decreases from 1.5 C to ∼ 1 ◦C.

Figure 3 illustrates the simulated temperature behavior

in a tube with a sample for linear control bt with various

rates of variation of b. 2 ◦C is reached at 8 s, 4 s and 2.5 s

respectively.

Equations for a similar temperature control case are

written as

T (z , t)=b(1− z )t+T0z +

∞
∑

j=1

sin(π jz )
[

β j exp
(

−a2(π j)2t
)

+ γ j

(

1− exp(−a2(π j)2t)
)]

,

where

β j =
2T0(−1) j

π j
,

γ j = −
2b

a2(π j)3
.

For the largest of the three heating rate cases, divergence

between the tube temperature and control temperature is

only 0.08−0.20 ◦C, temperature spread within the sample

in the tube is also quite small. The given times are

virtually comparable with the lowest time constant and

this temperature distribution state would be far from a

steady state, if such state were possible in the present

case. Consequently, even within a simulated computational

solution, a linear temperature control mode can be defined,

that would be the best one in terms of the minimum

divergence between the sample temperature and control

temperature.

The influence of temperature variation rates on tem-

perature nonuniformity was evaluated via the analysis of

Tm of two DNA samples with melting temperatures of

about 60 ◦C and 80 ◦C, containing the FAM fluorescent dyes

and RTQ1 dyes (Sintol, Russia) covalently attached at the

5′-end and 3′-end, respectively. Melting curves were mea-

sured on the ANK-48 amplifier (IAI RAS, Saint Petersburg)
with test samples heated in the range of 45−90 ◦C with

preliminary thermostatting at 95 ◦C during 60 s.

Curves were processed via sigmoidal function approxima-

tion in MATLAB medium with Tm determined by extrema

of their first-order derivatives [10].

Data for mean values and standard deviations σ of

melting temperatures of two DNA samples in 48 tubes

were obtained experimentally in triplicate with five various

rates of linear variation of the control temperature bt, where

b = 0.05, 0.1, 0.25, 0.5 and 0.8 ◦C/s, the total number of

measurements was 30 (Figure 4).

When the temperature is set near 60 ◦C, de-

pendence of σ on b has a near-linear form:

σ = (0.082 ± 0.023) + (0.744 ± 0.053)b (coefficient of

determination R2 > 0.93). The same dependence

for the control temperature about 80 ◦C has a

similar form: σ = (0.057 ± 0.031) + (0.716± 0.071)b
(R2 > 0.97). Both dependences don’t cross the zero-

axis, which can be explained by a random component of

temperature measurements, and the factor of increase in σ

with a temperature rise can be attributed to the effect of

heating nonuniformity enhancement within the tube. For

samples with different values of Tm generally varying within
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55−95 ◦C, the identified dependences will maintain their

linear mode.

Thus, the assumption [6,7] that it was reasonable to

ensure a high sample heating rate to increase the reliability

of results obtained by means of the HRM analysis remained

unsupported in terms of thermal processes flowing in the

thermal unit of the detecting amplifier due to the increase

in the temperature field nonuniformity. The identified

dependences make it possible to account for the standard

component of the measurement error of Tm associated with

the difference between the control temperature and the

temperature of samples by means of summation with Tm

measured by the ANK-48 amplifier.

It is suggested that there are two factors acting in

nominally opposite directions and, consequently, there is a

nontrivial optimum that allows a fair trade-off to be achieved.

Steady-state temperature distribution within the sample

implies linear temperature variation, i. e. temperature

difference is set within this sample. For setting the

problem of temperature gradient reduction within samples,

it is advisable to wait until the steady-state processes are

completed and to fix the temperature at times comparable

with the lowest time constant.
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