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Abstract

Temperature measurement at the nanoscale has brought insight to a wide array of research 

interests in modern chemistry, physics, and biology. These measurements have been enabled by 

the advent of nanothermometers, which relay nanoscale temperature information through the 

analysis of their intrinsic photophysical behavior. In the past decade, several nanothermometers 

have been developed including dyes, nanodiamonds, fluorescent proteins, nucleotides, and 

nanoparticles. However, temperature measurement using intact DNA has not yet been achieved. 

Here, we present a method to study the temperature sensitivity of the ubiquitous DNA molecule 

within a physiologic temperature range when complexed with fluorescent dye. We theoretically 

and experimentally report the temperature sensitivity of the DNA-Hoechst 33342 complex in 
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different sizes of double-stranded oligonucleotides and plasmids, showing its potential use as a 

nanothermometer. These findings allow for extending the thermal study of DNA to several 

research fields including DNA nanotechnology, optical tweezers, and DNA nanoparticles.
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1 INTRODUCTION

Measuring temperature at nanoscopic scale has attracted much attention in recent years, 

which is reflected by the increasing number and types of nanothermometers reported1–8. 

Using these nanothermometers, temperature at the nanoscale has been measured in solution, 

intracellularly in cancer cells, and in living organisms2,5. These nanothermometers possess 

the characteristic of changing their photonic properties as a response to changes in 

intracellular temperature. Among the most important of these properties previously reported 

are fluorescence intensity7, lifetime6, anisotropy2,5, fluorescence resonance energy transfer 

(FRET)9, and electron spin in nanodiamonds10. Anisotropy-based nanothermometers 

(ABNTs) stand out due to their ability to report temperature in a concentration-independent 

manner and due to their general compatibility with measurement of biological samples2,5,11. 

The first report of the ABNT in 20122 measured intracellular temperature of cancer cells 

using green fluorescent protein (GFP); shortly thereafter, its use expanded to measurement 

of temperature within living organisms5. In the last two years, a method and a practical 

guide provided the conceptual framework to convert any protein and dye to anisotropy-based 

nanothermometers11,12. Temperature sensitivity generally increases when the fluorescence 

lifetime matches the rotational correlation time, dictated by the hydrodynamic radius of the 

nanothermometer12. Despite these advances, the use of ABNTs or any other 

nanothermometers to measure temperature using the intact molecule of DNA remains 

unexplored. Although the usefulness of DNA for nanothermometry has previously been 

demonstrated by use of the FRET effect, it required the use of a specially-engineered DNA 

molecule with tailored secondary structure9,13. This engineered design of DNA for synthesis 

with FRET dye pairs permitted measurement of temperature from the FRET signal, but the 

approach is limited to potential applications where DNA can be similarly modified. A more 

flexible method of extracting temperature information from intrinsic rotational motions in 

DNA may hold great value in its general applicability. Here we report the thermal sensitivity 

of endogenous DNA molecules non-covalently bound to Hoechst 33342 dye. Hoechst 33342 

is a versatile dye, cell-permeable, innocuous, and can be used for any DNA application since 

binds to the minor groove at AT-rich regions14. This sensitivity is herein theoretically 

described and empirically validated for different sizes of DNA to cover different applications 

of DNA thermometry. Thus, DNA-based ABNTs constitute an important step towards 

measurement of temperature in any scientific research field where DNA is used or 

manipulated.
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2 EXPERIMENTAL SECTION

2.1 Sample Preparations

Sample preparations. Hoechst 33342 (Invitrogen) and Fluorescein (Sigma Aldrich) were 

dissolved in water, whereas GFP (Invitrogen) was dissolved in 1X PBS. Calf thymus DNA 

(Alfa Aesar) was dissolved at 4 °C overnight in water at a concentration of 10 mg/ml. The 

solution was then diluted to 1 mg/ml and Hoechst was added at a ratio of 1:100 w/w 

(Hoechst:DNA), yielding a concentration of 0.01 mg/mL Hoechst. After allowing the 

mixture to bind for 10 minutes, the solution was then diluted to yield the final solutions of 

varying concentration. Double-stranded oligonucleotides with the sequences indicated below 

were purchased from IDT and dissolved in water at a concentration of 10 mg/ml and then 

diluted in 1X PBS to their final concentrations for testing. The plasmid was linearized by 

Ndel enzyme treatment following standard protocols.

16 bps: 5GACGGCTGGCTGCTCG3’

32 bps: 5GACGGCTGGCTGCTCGGACGGCTGGCTGCTCG3’

64 bps: 

5GACGGCTGGCTGCTCGGACGGCTGGCTGCTCGGACGGCTGGCTGCTCGGACGG

CTGGCTGCTCG3’.

Plasmid: pGEMTe-RagC 4 kbps circular plasmid.

2.2 Temperature sensitivity measurements

For temperature sensitivity measurements in solution, a calibration curve relating 

fluorescence polarization anisotropy (FPA) to temperature was measured using a Horiba 

Fluorolog fluorometer running in T-format mode with vertically polarized excitation. The 

temperature sensitivity of each channel was corrected with horizontally polarized excitation. 

For each experiment, excitation and emission slits were selected to obtain around 106 counts 

per seconds (cps). All samples were measured using a quartz cuvette. Excitation and 

emission monochromators were set at 350 nm and 450 nm, respectively.

3 RESULTS AND DISCUSSION

3.1 Hoechst as a nanothermometer in solution

We recently reported the specific requirements for protein-dye complexes to be used as 

ABNTs based on a theoretical model11,12 and showed that dyes such as Hoechst, with a 

fluorescence lifetime lower than 1 ns, provide adequate temperature sensitivity in their 

unbound state12. Thus, dyes with this property are useful for nanothermometry and can be 

used to measure temperature at the nanoscale without further modification. In the case of 

Hoechst 33342 (unbound fluorescence lifetime of around 0.35 ns15), this dye is expected to 

have a temperature sensitivity of −2.4 milliunit (mU) of anisotropy per K12. To 

experimentally test this theoretical prediction, we compared the temperature sensitivity of 

Hoechst in water to the sensitivity of fluorescein in water and of GFP in PBS. Fluorescein 

and GFP have been selected as controls because their fluorescence anisotropy-based 
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temperature sensitivity has been previously reported2,11. The temperature sensitivities of 

these three dye-based nanothermometers are shown in Figure SI 1. Likewise, their 

theoretical12 and experimental sensitivities are compared in table 1.

Experimental temperature sensitivities for these three fluorochromes fit from the plots in 

Figure SI 1 are fully consistent with their theoretically predicted sensitivities, as can be 

appreciated in Table 1. These results also indicate that Hoechst (and in principle, all other 

free dyes with fluorescence lifetimes below 1 ns such as DAPI, Cy3, and Indocyanine 

Green) can be used in their unbound form as ABNTs.

3.2 DNA-Hoechst as nanothermometer

Hoechst is routinely used to stain double-stranded DNA. Three types of Hoechst dye are 

routinely used: Hoechst 33258, Hoechst 33342, and Hoechst 34580. For this study, we 

selected Hoechst 33342 since it is the one typically preferred for biological experiments. We 

sought to determine the temperature sensitivity of Hoechst 33342 dye when bound to DNA, 

and to evaluate the potential of the DNA-Hoechst ABNT for temperature measurement. 

Hoechst binds to the minor groove of DNA at AT-rich regions14. In addition to largely 

increasing fluorescence intensity, once Hoechst is conjugated with DNA, its fluorescence 

lifetime increases from 0.35 ns to 2.2 ns16. This change, however, does not theoretically 

limit the use of the DNA-Hoechst complex as an ABNT since the hydrodynamic radius will 

also increase. Thus, we studied the temperature sensitivity of this complex formed with 

DNA molecules across a broad range of base-pair (bp) lengths (16 bps oligonucleotides, 32 

bps oligonucleotides, 64 bps oligonucleotides, 4 kilobase pairs (kbps) DNA fragments and 

16 kbps calf thymus DNA fragments). The schematic representation of DNA-based ABNT 

synthesis is illustrated in Figure 1(a) and the experimental data are shown in Figure 1(b–f).

These results show DNA length and temperature sensitivity are inversely correlated 

plateauing at 0.5×10−3 mU per K for the DNA fragments with lengths of 64 bps, 4 kbps and 

16 kbps. Likewise, ABNTs made from short DNA (16 bps and 32 bps) present higher 

temperature sensitivity values compared with those made from long DNA. The highest 

temperature sensitivity was achieved from short DNA oligonucleotide-based ABNTs with a 

length of 16 bps, due to the match between the dye’s fluorescence lifetime and the rotational 

correlation time of the DNA-Hoechst complex. To theoretically support this experimental 

observation, we directly applied the previously derived model for ABNT sensitivity to the 

DNA-Hoechst complex. However, previous work on ABNTs (fluorescent proteins, dyes, or 

protein-dye complexes2,5,11,12) defined a rotationally isotropic system where the rotational 

correlation time ΘR of the molecule is governed by its spherical hydrodynamic volume V (or 

hydrodynamic radius) and the shear viscosity of the pure solvent η(T); this can be expressed 

by the Stokes-Einstein-Debye relation

ΘR = V η T
kT (1)

Where k is Boltzmann’s constant and T is temperature. This relationship holds for the 

domain where solvent viscosity is independent of solute concentration and the 
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hydrodynamic volume is known; in principle this is reserved for molecules with spherical 

rotational symmetry. For ABNTs with hydrodynamic properties that fall within this regime, 

the sensitivity has been defined by the following equation11:

S = − r0 ⋅

kτf
V η T0

1 + B
T0

1 + kτfT0
V η T0

2 (2)

Where r0 is a delimiting FPA, k is Boltzmann’s constant, τf is fluorescence lifetime, V is the 

hydrodynamic volume, η(T0) is the dynamic viscosity at the reference temperature, T0, and 

B is a constant of the Arrhenius expression for dynamic viscosity. When considering the 

sensitivity of aqueous solutions of dilute dyes or proteins, the dynamic viscosity is the only 

important parameter of the surrounding solvent that influences ABNT sensitivity.

3.3 Theoretical studies of DNA-Hoechst as a nanothermometer

To apply this model to DNA-based ABNTs, additional variables must be taken into account 

because DNA-based ABNTs present different geometric and hydrodynamic properties, as 

compared to spherical proteins:

- Rotational motion: DNA presents different rotational motion than a molecule with 

spherical symmetry. To understand molecular motion of DNA fragments, different physical 

models for different DNA lengths should be considered: oligonucleotides shorter than 150 

bps can be approximated as short rigid rods in solution17, where molecular motion is 

encompassed by rotation orthogonal to the rod’s axis (tumbling of the rod), and rotation 

around the rod’s axis17. The aspect ratio of a rod-like molecule, p, defined as its length 

divided by diameter p ≡ L
d , determines the equivalent hydrodynamic radius of rotation in 

solution resulting in an adjusted rotational correlation time for rigid rodlike molecules ΘRR:

ΘRR = πL3η T
3kT ⋅ ln p + δ

Alternatively, this can be expressed as the rotational diffusion coefficient for spherical 

macromolecules multiplied by a scaling factor S for rod-like molecules, where

S = 1
2 3 ln p + δ − 1

3

and δ represents a correction for end effects of the rod in solution. Taking this correction 

into account, the theoretical sensitivity for rigid rod-shaped oligonucleotide based ABNTs 

can be predicted as a function of their length in base pairs, shown in Figure 2 and the 

practical values in table 2

The measured temperature sensitivity of almost all samples differ significantly compared 

with the theoretically predicted values presented in table 2. Most notably, and contrary to the 
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theoretical prediction, the fluorescence anisotropy of the dye bound to large DNA fragments 

also shows temperature sensitivity. To understand these differences between the theoretical 

predictions and the experimental values, several other geometric and hydrodynamic 

properties for both the DNA and Hoechst should be considered and described:

- Torsional and bending motions (DNA): When considering modes of motion in longer 

fragments of DNA, twisting and bending of the chain macromolecule cannot be neglected. 

The model of rotation, twisting, and bending of the semiflexible DNA helix presented by 

Barkley and Zimm18 treats this Brownian phenomenon with analytical rigor. Further study 

of relevant physical constants behind torsional and bending rigidity of DNA19 inform our 

analysis of the effects of these motions on potential temperature sensitivity of DNA-based 

nanothermometers. Figure 3 presents the magnitude of FPA temperature sensitivity 

evaluated at 37 °C for a 2.2 ns lifetime dye, evaluated using the Barkley-Zimm model, 

plotted along with the experimental data.

It is apparent that temperature sensitivity decays rapidly for long DNA chains when the 

additional modes of torsional and bending motion in the semiflexible DNA model are 

considered. As can be appreciated in Figure 4, these motions fail to explain the temperature 

sensitivity observed in larger DNA-based ABNTs.

Since the aforementioned DNA motions fail to provide a suitable explanation for the 

remaining temperature sensitivity in longer DNA to explain the experimental temperature 

sensitivity, additional sources of dye motion must be considered:

- Dye wobbling: Another potentially relevant mode of motion is the wobbling of the non-

covalently bound dye within the DNA groove20. This motion should affect any DNA length, 

and its magnitude is independent of DNA length. Wobbling plays a fundamental role in the 

depolarization of fluorescent light and thus in the anisotropy signal19. While the 

correlational time of dye wobbling has been studied for ethidium bromide, its relative 

influence remains unclear for other dyes such as Hoechst. Specifically, while the cone-like 

wobbling correlation time was reported to be on the order of 80–250 ns which would be too 

long to significantly affect FPA20, other independent dye motions with correlation times on 

the order of 0.1 ns have been found to contribute to anisotropy decay21. Since other DNA 

motions cannot be responsible for FPA-based temperature sensitivity in long DNA-based 

ABNTs, we assume that independent wobbling of the dye may play a role in the light 

depolarization. Consequently, the following scenario is hypothesized for DNA-Hoechst 

complexes. Fluorescence anisotropy (and its sensitivity to temperature) of the DNA-Hoechst 

complex will depend not only on the hydrodynamic radius of the complex, but on two 

different motions: (1) rotational motion and (2) wobbling of the dye about the intercalated 

site of binding20. It should be mentioned that Brownian dynamics of DNA molecules also 

present bending motions. For the experimental conditions of the analysis of short nucleotide 

lengths, the effects of DNA bending on FPA can be considered as negligible when compared 

with other types of motion18,20.

Considering these new variables, we can analyze now the experimental data obtained in Fig 

2. For example, in the case of the 16 bps DNA oligonucleotide, the sensitivity was expected 
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to be around −2.5 mU per K and was measured to be around −1.2 mU per K. In this case, we 

believe that both movements influence the depolarization of the light: rotational motions of 

the DNA-Hoechst complex and the independent conical wobbling of the dye about its bond 

to the DNA. For longer chains (exceeding 150 bps), sensitivity was predicted to be zero only 

if torsional and bending motion governs the depolarization of the fluorescence. The complex 

presents a rotational correlation time that has a minimal effect on fluorescence anisotropy 

behavior and thus temperature sensitivity. We believe that the movement that governs the 

fluorescence depolarization is mainly due to the wobbling of the dye bound to the DNA 

minor groove. This motion causes the temperature sensitivity of −0.5 mU per K; this value is 

not the highest sensitivity that can be achieved using ABNTs. However, by using dyes with 

different fluorescence lifetimes, the sensitivity can be improved.

In brief, our data are consistent with the theoretical calculations in the following: (1) the 

movement that governs the anisotropy signal from short DNA oligonucleotides is a 

combination of dye wobbling and the rotational motion of the DNA; (2) the anisotropy 

signal from long DNA molecules is dominated by the wobbling of the dye.

3.4 Temperature sensitivity in circular DNA

To lend experimental support to this statement, we compared the temperature sensitivity of a 

DNA-based ABNT formed by a 4 kbps circular plasmid against the same plasmid (same 

sequence and length) previously linearized by Ndel enzyme. In circular DNA, rotational 

motions about the principal chain axis are not possible, in contrast to this motion in 

linearized DNA. However, both linear and circular forms will have the same degree of dye 

wobbling. Results can be observed in Figure 4:

As can be appreciated, the same temperature sensitivity is measured in linear and circular 

DNA of the same sequence and length. This shows that the temperature sensitivity found in 

longer DNA fragments is not due to rotational motion of DNA, and instead is presumably 

governed by the characteristic rate of wobbling of the dye bound to the DNA.

Finally, we considered the effect of the solution viscosity, a key parameter governing the 

temperature sensitivity of ABNTs. Likewise, the concentration of DNA in solution also 

effects the overall viscosity and will likely influence the temperature sensitivity of ABNTs:

- Solution viscosity: Previous ABNT studies neglected intermolecular forces between solute 

molecules that affect the rotation of ABNTs in solution (viscosity). For DNA, consideration 

for solutions of oligonucleotides is the effect of solute molecule concentration on the 

solution viscosity. For short DNA molecules, the concentration of DNA affects bulk solution 

viscosity and subsequent rotational diffusion and correlation times of DNA-based ABNTs. 

In the dilute regime, where forces between solute molecules are negligible, the solution 

viscosity ηS follows a linear relationship with nucleotide concentration, C, following 

Newtonian behavior22. As concentration increases, the polymer chains overlap at a 

characteristic concentration, C*. The characteristic overlap concentration C*, represents a 

threshold above which there is a deviation from the Newtonian regime of dilute solutions, 

depending solely on the polymer solute molecular weight W and molecular radius of 
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gyration S: C*∝W∙S23. For nucleic acids with lengths on the order of 11–45 kbps, 

experimentally-derived values of C* range from 0.09 – 0.03 mg/mL, dependent on the 

quality of the solvent which influences the radius of gyration of the DNA in solution22. In 

nucleic acids exceeding several kbps, the hydrodynamic behavior is better modeled 

according to polymer chain dynamics. When concentration increases, a second critical 

concentration is reached, the entanglement concentration, C**. This concentration 

represents a polymer solution with uniform entanglement interactions between solute 

molecules24–26. For long DNA molecules, the extent of the dilute regime, where viscosity 

scales linearly with nucleic acid concentration, remains independent of solution temperature. 

The solution viscosity, therefore, can be considered as a function of temperature and solute 

concentration as independent variables η(T,C) in equation (1). However, this limitation is 

strongly dependent on the desired solvent, so we recommend testing experimentally the 

temperature sensitivity for other solvents. Thus, this reduced robustness of FPA temperature 

sensitivity at high macromolecular concentrations should not represent a limit in the use of 

DNA-based ABNTs for many nanotechnology applications or biological applications. FPA 

values as a function of temperature for different DNA concentrations and buffer solutions 

are shown in Supplementary Information (SI Fig 2, SI Fig 3, and SI Fig 4). While deviations 

in the relationship between fluorescence anisotropy and temperature are evident, and 

presumably due to several competing effects, this relationship remains strong for dilute 

samples, indicating that temperature measurement using the DNA molecule is possible.

4 CONCLUSIONS

In conclusion, we have elucidated three important rules governing and allowing 

thermometry at the nanoscale. First, we gathered robust experimental support for the 

universal utility of dyes with fluorescence lifetime lower than 1 ns for nanothermometry. 

This advance allows the addition of temperature measurement to multiple techniques and 

experiments without the need to introduce additional nanothermometers or other molecular 

probes to the system under study. Second, we present theoretical and experimental 

temperature measurements at the nanoscale using several different types of DNA as 

nanothermometers. Finally, we found that large DNA molecules labeled with Hoechst 

display a degree of temperature sensitivity based on the wobbling of the dye about its bond 

to the DNA. These findings enable the extension of temperature measurement to any 

research areas that study DNA or utilize DNA as, for example, a template, nanoparticle, or 

for gene transfection. In summary, we have developed a method to obtain precise 

temperature information utilizing the DNA molecule.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Schematic illustration of DNA-based ABNT synthesis. (b-f) show the experimental 

temperature sensitivity of different 0.1 mg/ml (b-e) and 0.01 mg/ml* (f) DNA-based ABNTs 

(100:1 DNA:HOECHST ratio in grams). Error bars represent the standard error of the mean 

value. (*) The concentration of 16 kbps DNA-based ABNTs was selected to be 0.01 mg/ml 

because for DNA fragments longer than 11 kbps, the temperature sensitivity is compromised 

above concentrations of 0.03 – 0.09 mg/ml (see discussion of viscosity below).
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Figure 2. 
(a) Theoretical and experimental sensitivity as a function of number of base pairs for 

oligonucleotide-Hoechst ABNTs (fluorescence lifetime of 2.2 ns). Green arrow shows the 

deviation from expected temperature sensitivity for long DNA molecules.

Spicer et al. Page 12

J Biophotonics. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Theoretical DNA-Hoechst ABNT sensitivity evaluated at 37 °C from the Barkley-Zimm 

model (torsion, rotation, bending motions) with the experimental data.
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Figure 4. 
Temperature sensitivity of the 4 kbps pGEMTe-RagC circular plasmid (a) versus the same 

linear plasmid (b) after Ndel enzyme treatment (plasmid concentration 0.1 mg/mL, Hoechst 

concentration 0.001 mg/mL). Error bars represent the standard error of the mean value. Gel 

electrophoresis (c) showing the circular uncut plasmid (middle row - two bands) and linear 

conformation (right row - one band).
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Table 1.

Theoretical and measured sensitivity values for Hoechst, Fluorescein, and GFP.

Dye Theoretical Sensitivity12 (mU) Experimental Sensitivity (mU)

GFP −1.7 × 10−3 −1.4 × 10−3

Fluorescein −0.36 × 10−3 −0.4 × 10−3

Hoechst −2.4 × 10−3 −1.8 × 10−3
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Table 2.

Experimental and theoretical values for DNA-based ABNT sensitivity

DNA-based ABNT Theoretical (mU) Experimental (mU)

16 bps −2.5×10−3 −1.1×10−3

32 bps −0.7×10−3 −0.8×10−3

64 bps −0.1×10−3 −0.49×10−3

4 kbps −1×10−12 −0.49×10−3

16 kbps −1×10−12 −0.52×10−3
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