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Abstract: Non-covalent interactions between small molecules and nucleic acids are essential to many biological processes and the function of 
numerous therapeutic and diagnostic agents. These interactions are complex due to the structural diversity of DNA / RNA forms and the variety 
of possible binding modes. Factors such as nucleic acid topology, sequence, ionic conditions, and ligand aggregation further complicate analysis. 
Because no single technique can capture the full picture, a combination of spectroscopic and biochemical methods is required for accurate 
characterization. By combining working principles of four most common and available experimental methods with interpretative guidance and 
methodological details, this tutorial aspires to be a comprehensive reference for both novice and experienced researchers working in the field 
of small molecule–nucleic acid interactions. All discussed concepts apply equally to other types of DNA or RNA, and are generally relevant to 
most non-covalent ligand–biomolecule (including protein) interactions. 
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INTRODUCTION 
ON-COVALENT interactions between small molecules 
(ligands) and nucleic acids (DNA and RNA) are central 

to numerous biological processes and have long been a 
foundation for the development of therapeutic agents, bi-
ochemical tools, and molecular probes used to modulate or 
investigate nucleic acid structure and function.[1,2] Many 
clinically important drugs—such as actinomycin D, dauno-
rubicin, and cisplatin analogs—as well as naturally occurring 
antibiotics and antiviral agents function through binding to 
DNA or RNA via covalent or non-covalent mechanisms.[3,4,5] 
 However, the nature of the complexes formed 
between a relatively small ligand and the much larger, 
structurally diverse targets such as DNA or RNA, often 
containing unknown number of binding sites, may be 
considerably complicated. This complexity arises not only 
from the diversity of nucleic acid conformations (duplexes, 
triplexes, G–quadruplexes, etc.) but also from the multiple 

potential binding modes a ligand can adopt simultaneously 
or consecutively (intercalation, groove binding, external 
stacking, etc. Scheme 1). The formation of these complexes 
is further complicated by factors such as DNA / RNA 
topology, ionic strength, sequence context, and ligand 
aggregation ability.[1,4,5] 

 
General Considerations Prior to 

Experimental Assessment and Analysis 
of the Results 

Binding, non-binding and repulsive / steric interactions in 
the ligand / DNA complex are exceptionally complicated 
due to mutual impact on each other and strong influence 
of a solvent (water) and ionic species (buffer cations and 
anions). Moreover, DNA itself is very dynamic structure, 
DNA base pairs open and close spontaneously due to 
thermal fluctuations in a process known as DNA 
breathing.[12,13] While most DNA-breathing events occur on 
micro- to millisecond timescales, defects, triplex 
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formations, and external conditions can stretch breathing 
and structural transitions into second-long timescales. 
Moreover, DNA tends to some extent to adapt binding site 
shape to the ligand molecule requirements,[14,15] for 
instance allowing threading intercalators to bind.[9,10] 
 Thus, the formation of a non–covalent ligand–DNA 
complex is a highly intricate process that, in most cases, is 
not fully understood. For the purposes of this general 
tutorial, we will focus on several of the most extensively 
studied binding interactions at biorelevant conditions 
(room temperature or 37 °C, biorelevant ionic strength of 
pH 5–8 buffered solutions) and discuss their role in 
determining the overall binding mode.[16,17] 
 

LIGAND CHARGE  
Over 99 % of all DNA-binding small molecules are positively 
charged,[1,4] stressing the importance of electrostatic 
interaction with polyanionic DNA backbone. However, the 
contribution of multicationic substituents attached to the 
ligand on the binding affinity (Ks) toward DNA is far from 
proportional to the number of positive charges;[18] due to 
many steric and repulsive effects. Very few ligands rely 
solely on the interaction with the polyanionic DNA 
backbone; however, many ligands have a positively 
charged appendage. As a rule of thumb, each positive 
charge on the ligand contributes by roughly 5 ± 1 kJ mol–1 

to standard Gibbs free energy of binding[19] and thus 
increases the binding constant by roughly an order of 
magnitude. The contribution of positive charges induced by 
protonation of amines is strongly dependent on a pK value 
of the amine and its changes within the DNA binding site. 
 

LIGAND AROMATIC SURFACE  
Concept of minimal intercalator was intensively studied 
and so far, showing that minimal intercalators typically 
consist of small, planar aromatic cores (at least bicyclic, 
mostly tricyclic), with adequately positioned substituents 
to allow efficient DNA intercalation: most often presented 
by parallel orientation of ligand longer axis with longer axes 
of adjacent basepairs. The binding is then dominantly 
controlled by the interaction of aromatic systems,[1,4,20] and 
roughly yields binding constant of Ks ∼ 104 M–1 order of 
magnitude for the smallest (bicyclic) aromatic system, 
tricyclic systems yielding Ks ∼ 105–106 M–1 range (curved 
condensed aromatics preferred) and four-or five-
condensed aromatics reaching up to Ks ∼ 107 M–1, which is 
actually limit defined by the aromatic surface of DNA–
basepairs. However, bis- and multi-intercalators can 
significantly multiply affinity.[21,22] 
  

HYDROPHOBICITY 
Hydrophobicity is a one of key determinants of how small 
molecules approach and interact with DNA—modulating 

their binding affinity of the complex, and can even cause 
DNA–helix condensation or precipitation. Both the 
molecule's and DNA's hydrophobic features need to be 
considered.[23,24,25] 
 

HYDROGEN BONDING INTERACTIONS 
Some small molecules, natural products (e.g. netropsin, 
distamycin) or synthetic analogues[26] bind within the minor 
groove of DNA and use highly DNA : sequence-selective 
hydrogen bonding network with functional groups on the 
DNA bases, which allows them to target particular DNA–
sequences. DNA major groove H–bonding recognition is 
common for proteins. Hydrogen bonds are very directional 
(180 ± 30°), mostly effective at short distance (2–3 Å) and 
can contribute to the DNA–binding only in the absence of 
bulk water, so even small conformational shifts or the 
presence of water molecules can weaken or eliminate the 
interaction. Therefore, it is generally not possible to 
estimate their contribution to the binding affinity of a 
ligand toward DNA. 
 

VAN DER WAALS INTERACTIONS 
Van der Waals (vdW) interactions sometimes have a critical 
but often underappreciated role in the binding of small 
molecules to DNA. The vdW interaction strength is highly 
dependent on the distance between interacting molecular 
orbitals, specifically following an inverse sixth-power 
relationship (∝ 1 / r⁶), where r is the distance between the 
centers of the two interacting atoms or molecules. 
Although individually weak, VdW forces can be significant 
in large numbers—particularly in molecular recognition of 
ligand-DNA interactions, provided the involved atoms are 
in very close proximity (typically ∼ 3–4 Å).[25,27,28] Thus, the 
key-and-lock principle could adequately describe the 
positive impact of exact shape match between the ligand 
and DNA-binding site, due to the short-range nature of 
VdW forces and their sensitivity to molecular geometry and 
conformational fit. Particularly Dipole-induced dipole 
interactions play a subtle but sometimes essential role in 

 

Scheme 1. A schematic presentation common non-
covalent binding modes of small molecule to ds-DNA (LEFT 
to RIGHT):[1] intercalation,[1,6] electrostatic DNA–backbone 

association[1,2,4] or minor groove binding,[1,7] as well as 
some other less frequent binding modes, like partial 

intercalation,[8] threading intercalation[9,10] or major groove 
binding.[11] 
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molecule–DNA binding. They influence ligand orientation, 
binding energy, solvent mediation, and even higher-order 
DNA structure. These forces often act in tandem with or in 
competition with hydrogen bonding and π-stacking, and 
are especially relevant in systems involving polarizable 
environments or charged ligands.[29] 
 Because no single analytical method can fully 
characterize the complexity of ligand–nucleic acid 
interactions, accurate interpretation relies on integrating 
multiple complementary techniques. While a wide range of 
methods has been applied to study ligand / DNA binding, 
only a limited number are widely accessible. By combining 
these, researchers can obtain reliable information on 
complex stability, stoichiometry, binding modes, and the 
orientation of ligands within DNA binding sites. Most 
commonly, spectroscopic approaches—such as UV–Vis 
absorption, fluorescence, circular dichroism (CD), and 
linear dichroism (LD)—are employed to probe these 
interactions. In addition, thermal denaturation assays and 
fluorescence displacement methods (e.g., indicator 
displacement assays, IDA) provide essential insights into 
binding stability, modes, and specificity. 
 However, this set of methods comes with its own 
limitations regarding sensitivity, resolution, and 
susceptibility to artifacts. Misinterpretations are common 
when experimental conditions are not carefully optimized 
or when critical controls are omitted. For instance, changes 
in fluorescence intensity may be due to inner filter effects 
or ligand aggregation rather than genuine DNA binding.  
Similarly, CD spectral changes can be misleading if ligand-
induced DNA conformational changes are incorrectly 
attributed to specific binding modes.[30] 
 Recognizing these challenges, several method-
specific tutorials have emerged. A notable example is the 
step-by-step guide on using circular dichroism to monitor 
DNA conformational changes upon ligand binding.[31] A 
similar tutorial was very recently given for LD 
experiments,[32] and also a general outline on how to 
interpret CD and LD results with respect to the most 
common ligand–DNA binding modes was summarised on a 
more comparative basis.[33] A detailed and concise review 
concerning the evaluation of the DNA binding constants by 
titration fluorescence spectroscopy was recently 
published.[34] The authors examine key experimental 
factors and propose a reference protocol that can be used 
to standardize procedures for determining nucleic acid 
binding equilibrium constants. They then fit the 
experimental data using various methods and analyze the 
results, focusing on the statistical dispersion of the data to 
highlight the strengths and weaknesses of each fitting 
approach. Also, the comprehensive review was presented 
for DNA / RNA thermal denaturation experiments.[35] 
However, general assessment of the data obtained by 

several different methods was summarised more than 20 
years ago,[36] not including recent advancements in 
methods or instruments. 
 The objective of the present review is to consolidate 
these fragmented insights into an updated, unified, and 
practical tutorial focused on the thermodynamic 
equilibrium small molecule / DNA complexes (not a kinetics 
of the binding process). We aim to provide detailed 
guidance on the experimental design, data collection, and 
interpretation strategies for a range of widely accessible 
techniques, particularly those that are comparatively fast, 
cost-effective common in chemical and biochemical 
laboratories. Special emphasis is placed on methods such 
as UV–Vis absorption, fluorescence spectroscopy, CD 
spectropolarimetry, applied either for titrations, thermal 
denaturation, or indicator displacement assay (IDA). 
 Importantly, we also address less commonly 
discussed but increasingly relevant phenomena such as 
ligand aggregation and its impact on nucleic acid binding. 
There is an increasing number of cases when ligand 
aggregation in the DNA binding site plays a biorelevant role. 
For example, while netropsin typically binds as a monomer 
within the minor groove of AT–rich DNA, its structural 
analog distamycin preferentially binds as a dimer—
demonstrating that small changes in ligand structure or 
concentration can dramatically alter binding behavior.[37,38] 
This concept was used in a particularly elegant application 
of synthetic polyamides self-assembly within the DNA 
minor groove.[39] 
 By combining methodological detail with 
interpretative guidance, this tutorial aspires to be a 
comprehensive reference for both novice and experienced 
researchers working in the field of small molecule–nucleic 
acid interactions. For simplicity, we will refer to double-
stranded (ds) DNA as the "host" or "target" throughout this 
text. However, all concepts discussed apply equally to other 
types of poly-stranded DNA or RNA, even single stranded 
(ss) DNA / RNA, and are generally relevant to most non-
covalent ligand–biomolecule (including protein) 
interactions. 
 

GENERAL CONSIDERATIONS IN 
LIGAND–DNA/RNA 

INTERACTION STUDIES 
Accurate and reproducible characterization of small 
molecule–DNA / RNA interactions critically depends on the 
physico-chemical and spectroscopic properties of both 
binding partners. Namely, even subtle impurities, 
aggregation, or DNA–misfolding can lead to inaccurate 
results, misinterpretation of binding behavior, or failure to 
detect meaningful interactions. Therefore, it is essential 



 
 
 
4 (not final pg. №) G. HORVAT and I. PIANTANIDA: Comprehensive Tutorial: Characterization of Small Molecule … 
 

Croat. Chem. Acta 2026, 99(1) DOI: 10.5562/cca4215 

 

 

 

that prior to any biophysical or spectroscopic analysis, 
purity, structural integrity, and physicochemical properties 
of both the ligand (small molecule) and the host (DNA or 
RNA) should be characterized by standard set of methods, 
as proposed in further text.  

Purity and Characterization of Ligands 
and DNA (Host) 

 
LIGANDS (SMALL MOLECULES) 

Spectrophotometric techniques (UV–Vis absorbance, CD, 
fluorescence) commonly require a concentration-
proportional response of chromophore in the working 
concentration range. Failure to establish linearity can result 
in incorrect determination of binding stoichiometry and 
binding constants. Therefore, ligands should meet further 
requirements: 
 Purity: While more complex ligands (such as isolated 
natural products or intricate peptidoids) are often difficult 
to obtain at > 99 % purity, a minimum of 95 % purity is 
generally required for reliable studies of biorelevant 
interactions. This level is typically achieved through chro-
matography or recrystallization and verified using HPLC 
coupled with mass spectrometry or UV–Vis detectors, and 
/ or NMR spectra analysis and / or in particular cases by UV–
Vis spectroscopy. However, in fluorescence experiments, 
even 99.9 % purity may be inadequate, since trace 
impurities with higher fluorescence quantum yields than 
the dye under study can still distort results.[41] Thus, 
additional check by collecting excitation spectrum 
(expected to excellently overlap with UV–Vis spectrum of a 
dye) should be performed. 
 Solubility and solvent impact: Ligand solubility must 
be checked under biorelevant experimental conditions, 
similar to those further used in biological assays: if possible, 
dissolve DNA and ligand in the same buffer to avoid mixing 
artifacts. However, non-adequate solubility of ligands in 
aqueous solution could eventually be circumvented by 
careful use of stock solutions prepared in an appropriate 
solvent (e.g., DMSO, ethanol), ensuring this solvent 
concentration in further experiments does not interfere 
with the experiment. For instance, the most common and 
efficient solvent is DMSO, however its impact on 
biochemical studies was characterized many decades ago, 
and is hard to find in recent literature. DMSO does not 
interfere significantly with DNA or RNA properties up to  
0.1 % v/v,[40] while at higher volume fractions DMSO 
decreases the thermal stability of ds-DNA and also other 
poly stranded forms. Moreover, the DMSO impact on 
fluorescence or CD spectra should be corrected for, 
because DMSO significantly absorbs light < 240 nm, 
hampering accurate collection of data in the short-
wavelength region due to absorbance and consequent 

inner filter effect (see below). A ligand stock solution in 
DMSO (commonly 0.001–0.01 M) should be clear and 
homogeneous with no visible precipitation or opalescence 
and checked for stability under storage conditions 
(commonly in the dark, +8 °C).  
 UV-Vis spectral characterization: Molar absorption 
coefficients should be determined with high accuracy by 
plotting absorbance against concentration (typically 0.5– 
50 µM) and applying linear regression, ensuring an R² value 
greater than 0.99. This parameter is critical, as all 
concentration-dependent measurements (e.g., verifying 
ligand concentrations in diluted solutions) rely on it. The 
pH-sensitive ligands should be thoroughly characterized by 
recording UV–Vis absorption spectra across a range of pH 
values, allowing shifts in absorption maxima and intensity 
to be monitored as a function of protonation state. From 
these spectra, pKa values should be determined, either by 
fitting titration curves obtained from absorbance changes 
or by using appropriate computational/analytical methods. 
Accurate knowledge of the pKa values and spectral behavior 
is essential for interpreting ligand–target interactions 
under physiological conditions, where small pH variations 
can significantly influence binding affinity and optical 
properties. 
 Fluorescence spectroscopy is highly sensitive and 
widely used for DNA–ligand interaction studies, but it is 
also the most prone to artifacts. As emphasized in the 
seminal work by Joseph R. Lakowicz in Principles of 
Fluorescence Spectroscopy, care must be taken to control 
for the following issues.[41] 
 Temperature stability: Emission of many fluoro-
phores is temperature-sensitive—always maintain constant 
sample temperature.  
 Inner filter effects: When the total absorbance of a 
sample at the excitation wavelength exceeds 0.1, 
fluorophore molecules located farther from the light 
source receive reduced excitation intensity. Additionally, if 
the Stokes shift is small, part of the emitted light may be 
reabsorbed at excitation wavelength. Such inner filter 
effects can arise either from excessive ligand concentration 
or from increasing absorbance of a titrant (e.g., DNA) at the 
excitation wavelength. These artifacts can be minimized by 
employing a front-face excitation geometry in the 
fluorimeter,[42] or eventually corrected for by available 
algorithms.[43] 
 Scattering effects of solutions overlapping with the 
ligand spectrum: In fluorescence titrations, it is generally 
essential to check for scattering effects in order to ensure 
that observed signals originate from the ligand rather than 
from artifacts. A standard control is to record baseline spec-
tra of DNA–only and buffer-only samples, excited at the 
same wavelength as the ligand, to identify contributions 
from Rayleigh or Raman scattering. To further reduce 
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overlap between excitation light and emission detection, it 
is advisable to begin monitoring fluorescence at least 10 nm 
above the excitation wavelength (or 20 nm if wider slits are 
employed). Several additional strategies can help minimize 
scattering artifacts, including the use of optical filters, nar-
row slit widths, or front-face illumination geometry; careful 
matching of solvent and cuvette quality; and, where possi-
ble, mathematical correction of background baselines. 
These precautions collectively ensure more reliable inter-
pretation of fluorescence data in ligand–DNA binding stud-
ies.[41,44–46] Particular attention should be paid to: a) 
Rayleigh scattering in the wavelength region close to the 
excitation b) Second-order Stokes scattering on optical 
grating of the instrument appears at double excitation 
wavelength, b) Raman scattering originates from the ine-
lastic scattering of excitation light by molecular vibrations 
of the solvent or other components in the sample, thus 
being strongly dependent on a excitation wavelength, sol-
vent and titrant. If overlapping with ligand spectrum, care-
ful spectral interpretation based on the use of solvent 
blanks, varying excitation wavelengths and appropriate 
baseline corrections are necessary; c) Light scattering aris-
ing from ligand and/or DNA aggregates can significantly dis-
tort fluorescence measurements, since it increases 
turbidity in the sample, leading to enhanced Rayleigh scat-
tering. Detecting aggregation can be achieved by monitor-
ing increase in absorbance baseline, or even simply by 
shining a laser pointer beam through the sample and 
observing whether the beam path becomes visible in the 
solution (Tyndall effect). 
 Presence of trace impurities in the samples or on 
the glassware: Impurities in the glassware can be 
detected by collecting fluorescence spectrum under the 
same set of conditions for a system containing all 
components except the dye (the ligand). An impurity in 
the ligand can usually be detected by examining 
normalized excitation and emission spectra of the ligand 
obtained by exciting, or detecting fluorescence at 
different wavelengths. If the spectra cannot be 
superimposed, it usually indicates the presence of 
impurity. Also, excellent overlap of excitation spectrum 
with UV-Vis spectrum of a ligand is expected. 
 Ligand-aggregation should be checked by 
performing UV–Vis and fluorimetric (if applicable) 
concentration-dependence experiments. A linear Beer–
Lambert law response (absorbance vs. concentration) 
confirms monomeric behavior in the working range. For 
chiral ligands, circular dichroism spectra (details in section 
Circular Dichroism (CD) Spectroscopy) at different 
concentrations can be collected, whereby aggregating 
ligands could form chiral aggregates with a characteristic 
exciton-coupled CD spectrum, which is, by the way, 
diagnostic of the supramolecular chirality.[47,48] Strong 

changes in UV–Vis spectra of ligands upon heating, which 
are reversible upon cooling, additionally support 
aggregation, whereby aggregates are commonly disrupted 
proportionally to the temperature increase (although there 
are opposite examples, temperature-induced aggregation 
of large aromatic compounds[49]. Heating-dependent 
changes of fluorescence spectra should be taken with 
caution, since fluorophore emission by itself could be highly 
temperature sensitive.[41] 

 
DNA/RNA (HOSTS) 

Commercial nucleic acids are typically sold as lyophilized 
fibers, often in sodium salt form, and should be stored 
strictly according to the manufacturer's instructions. 
Synthetic DNA / RNA sequences—especially defined 
duplexes and homopolymers—are preferred for structural 
binding studies due to their folding uniformity (in well-
defined helical secondary structure, see Table 1) and high 
reproducibility.  
 The DNA / RNA dissolving should be done strictly as 
defined by producer, in buffers of appropriate ionic 
strength. Namely, one of the most common mistakes is use 
of incorrect conditions, which affect folding and 
spectroscopic profiles - for instance use of low ionic 
strength buffer or even pure water, giving only partially 
folded double strand DNA / RNA. Solid sample DNA / RNA 
dissolution is slow and can take hours at room 
 
Table 1. The most common secondary structures of ds-
DNA/RNA and relevant groove widths and depths 
parameters. Note the drastic changes accompanied with an 
A-to-B DNA helix transition.[50]  

 

 

 

 

 

 

 

 

Structure type 
Groove width Groove depth 

major minor major minor 

B-DNA 
(dGdC)n 
(dAdT)n 

11.7 
13.5 
11.2 

5.7 
9.5 
6.3 

8.5 
10.0 

– 

7.5 
7.2 
– 

A-DNA 
AnUn RNA 

2.7 
3.8 

11.0 
10.9 

13.5 
– 

2.8 
– 

C-DNA 
D(A)nd(T)n 

10.5 
11.4 

4.8 
3.3 

7.5 
– 

7.9 
– 
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temperature, or even overnight – otherwise there is a risk 
of strongly non-homogenous stock solution, which 
compromises the accuracy and reproducibility of 
subsequent titration experiments. Natural DNAs like calf 
thymus DNA (ct–DNA) and other, tend to be long and 
consequently upon addition of buffer very viscous, thus 
hampering accurate uptake of small volumes with pipette, 
and thus being impractical for titrations. Sonication of such 
gel–like DNA solution using a standard bio-compatible 
probe in short pulses (up to 5 seconds each, with cooling 
intervals to prevent overheating and denaturation), 
followed by filtration through sterile 0.45 µm filters, 
significantly reduces viscosity and produces more uniform 
DNA fragments (< 100 base pairs), enhancing pipetting 
precision and data consistency. Similarly, overly 
concentrated or guanine–rich DNA solutions risk gelation, 
which hampers accurate aliquot uptake by pipette; to 
prevent this risk recommended DNA concentration would 
be in the c = 0.001–0.01 M range.  
 Concentration: Determination of the DNA concen-
tration is commonly done by application of molar absorp-
tion coefficients provided by the producer or by literature 
data. It is of utmost importance to understand whether by 
this procedure c(DNA) is defined as c(bases) (equal to 
c(phosphates) in older references); or as c(basepairs) or for 
short oligonucleotides as c(folded oligo). If DNA/RNA sam-
ples are prepared by annealing from single stranded 
(ss)oligonucleotides, literature-verified procedures of 
annealing should be performed (most common is heating 
to 95°C, and slow cooling by 1 °C min–1 to room tempera-
ture) and folding quality checked by CD spectroscopy 
(Figure 1)[31,33] and thermal denaturation experiments 
(latter not possible for long GC-rich sequences due to dena-
turation temperatures > 100 °C).[35] 

METHODS 
Small molecule (ligand)/DNA non-covalent interactions are 
often quite complex, and this guide outlines four commonly 
used techniques to characterize complexes formed 
between small molecules and DNA: 

Spectrophotometric (UV-Vis or fluorimetric) Titrations  
Circular and Linear Dichroism (CD) Spectroscopy  
Thermal Denaturation of DNA (Thermal denaturation 
Curves)  
Indicator displacement assay (IDA) relying on techniques 
described in Spectrophotometric titrations and Circular 
and Linear Dichroism Spectroscopy  

 A particular advantages of these methods are: all can 
be performed in very similar, biorelevant conditions 
(buffered aqueous solutions of pH 5–8, concentration of 
ligand and DNA within nM–100 µM range). The 
equipment is cheap, easily available, and universal: 
common quartz cuvettes of usually 1 cm pathlength, 
automatic pipettes, common set of buffers. Also, 
experiments are relatively fast (0.5–2 h), some can be run 
in multiplets, and processing, as well as presentation of 
obtained data, is straightforward. Simultaneous running 
of several techniques on the same sample is sometimes 
possible, method sensitivity and sample concentration or 
volume can be optimised, aiming toward usage of low 
amounts of expensive DNA samples. 
 

Spectrophotometric (UV-Vis or 
Fluorimetric) Titrations 

UV–Vis and fluorescence spectroscopy are the most 
common methods for determination of the binding affinity 
between ligand and DNA, ligand / DNA stoichiometry (for 
long polynucleotides Scatchard ratio n = [bound ligand] / 
[DNA] – see the chapter Processing of titration data, and 
dominant binding site(s) on DNA (intercalation, groove 
binding, etc.). Other methods, like FR-IR, Raman (SERS), 
NMR, etc. can also be used for titrations, but usually lack 
sensitivity or are rather slow.  
 The dilution effect during spectrometric titrations 
is a critical factor that must be carefully addressed to 
ensure accurate data interpretation. This effect arises 
because the incremental addition of ligand or DNA stock 
solutions increases the total volume in the cuvette, 
causing changes in the concentrations of all components. 
Ignoring this dilution can lead to erroneous binding 
isotherms and affinity estimates. To mitigate this, dilution 
can either be accounted for during data processing by 
mathematically correcting the measured absorbance or 
fluorescence values according to the changing volume, or 
it can be minimized experimentally by using highly 
concentrated stocks and adding small aliquots to keep 
volume changes negligible. Setting up the experiment 

 

 

Figure 1. CD spectrum of some commonly used double-
stranded polynucleotides at c = 2 × 10–5 M in sodium 
cacodylate buffer at pH 7.0, I = 0.05 M. 
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with precise volumetric control and documenting the 
exact volumes added allows correction of concentration 
values post-measurement. Some protocols also include 
parallel control titrations where buffer is added instead of 
ligand to quantify purely dilution-related spectral 
changes, which are then subtracted from ligand titration 
data. Implementing either or both of these approaches 
helps to avoid artifacts and improve the reliability of 
binding parameters derived from spectrometric 
titrations. 
 

UV-Vis Titrations: Advantages, Disadvantages, and 
Specific Information 

The use of UV–Vis titrations depends on the ligand’s light 
absorption above 300 nm, which is necessary to avoid 
overlap with the strong absorbance of DNA. Their 
applicability is largely determined by the ligand molar 
absorption coefficient (ε). For instance, only a limited 
number of small molecules possess sufficiently strong 
absorbance at micromolar concentrations, thus, titrations 
typically require ligand concentrations above 10 µM or the 
use of extended optical path lengths. Even fewer molecules 
exhibit absorption maxima above 300 nm that are sensitive 
to microenvironmental changes, such as solvatochromic 
compounds, aromatics involved in stacking interactions, or 
tautomeric species. These molecules can show pronounced 
spectral changes upon DNA binding, including strong 
maxima shifts and isosbestic points, which is advantageous 
for reliable data analysis.  
 Thus, UV-Vis titrations are generally of limited sen-
sitivity, but nevertheless can yield important information 
about the nature of ligand/DNA complex: the most com-
mon changes are hypochromic effects suggesting interac-
tion of ligand and DNA molecular orbitals. Some ligands 
show also strong bathochromic shifts (> +20 nm) pointing 
toward aromatic stacking interactions, either as a conse-
quence of intercalation into DNA, or ligand aggrega-
tion.[51] In such cases appearance of isosbestic point 
strongly supports only one type of binding mode, at vari-
ance to systematic deviation. In some cases, specific 
changes in UV-Vis spectra between aggregated and non-
aggregated ligand (Section Ligands (Small Molecules)) can 
also be seen upon DNA titrations, strongly supporting ag-
gregate involvement, either in the starting ligand solution 
or aggregation within the DNA binding site.[52] In general, 
quite often changes are observed at excess of ligand over 
DNA as a consequence of non-specific agglomeration 
along polyanionic DNA-backbone and thus, UV-Vis titra-
tions rarely allow collection > 10 data points for single 
ligand/DNA-binding site dominant binding mode. There-
fore, all data should be considered with caution and used 
in concomitance with the results of other methods.  

 

Fluorimetric Titrations: Advantages, Disadvantages, 
Specific Information 

This method is restricted to ligand chromophores that are 
either fluorescent in aqueous solution or, even more 
convenient, become emissive upon binding to DNA.[53] 
Well-known fluorescence signal sensitivity[41] allows 
fluorimetric titrations at much lower concentrations 
(commonly between nM and µM concentrations) of a 
ligand and DNA in comparison to UV-Vis titrations, and 
instrument possibilities enable fine tuning of the  
titration conditions, essential for detailed study of 
particular conditions, and collection of large number of 
data points.  
 However, fluorescence is prone to numerous 
artefacts (see section Ligands (Small Molecules) and Ref. 
[41]) and should be carefully planned and analysed. The 
fluorimeters do not have automatic subtraction of a 
baseline (common for UV–Vis spectrophotometry) but 
measuring a buffer spectrum under planned experimental 
conditions is advisable, because it will reveal Rayleigh, 
second order Stokes and Raman scattering effects, as well 
as eventual presence of highly emissive impurities 
(originating from contaminated buffer, glassware, 
cuvettes,…). Particularly, excitation wavelength should be 
carefully chosen and the total absorbance of the sample at 
the highest c(DNA) should be kept A < 0.1 to avoid the 
possible inner filter effect.[41] The signals originating from 
aforementioned scattering effects should be taken into 
account, since they can all change with the addition of DNA 
and produce false titration curves.  
 DNA-induced ligand emission can change in many 
different ways: by hypso- or bathochromic shifts, 
emission quenching or emission increase, appearance or 
disappearance of ligand-aggregate emission. Even in 
cases when the emission spectrum is only marginally 
changed, advanced techniques can characterise 
ligand/DNA complexation;[41] for instance, change in 
fluorescence decay times or fluorescence anisotropy 
(when a small ligand is bound to very large DNA). 
Describing all possible changes and their relation to the 
type of ligand / DNA complex is exceedingly 
complicated,[41] thus, for the simplicity of this 
multimethod tutorial, only the most common changes are 
commented. 
 Generally, any type of emission change cannot be 
correlated to any particular binding mode of ligand to 
DNA. However, in concurrence with other methods, 
fluorescence change can support indications. For 
instance, if DNA addition induces the appearance of 
emission attributed to ligand-aggregate (previously 
established in section Ligands (Small Molecules) 
intercalation between DNA basepairs is highly unlikely. 
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STARTING PROCEDURE 
Starting procedure involves preparation of ligand aqueous 
buffered solution (taking care that other solvents from 
ligand or DNA stock solution do not exceed biorelevant 
concentration) in quartz cuvette (1 cm path length) 
according to procedures in section 2.1.1. and titrating with 
increasing amounts of DNA prepared in the same buffer. 
Commonly, preliminary titration is started by adding 
equimolar c(DNA) in respect to c(ligand) and proceeds up 
to 100-fold excess. Spectra are recorded after each 
addition, taking care that measurable spectral change is 
observed (larger than the double error of the instrument). 

For the starting several additions, for each spectrum should 
be collected several times (usually at 10 sec, 1 min, 2 min, 
5 min interval), to check for the incubation time necessary 
to achieve thermodynamic equilibrium. Namely, the time 
necessary for a ligand molecules to achieve thermodynamic 
equilibrium upon binding to DNA can vary from seconds to 
days (e.g. for threading inetercalators),[9,10,54] most 
commonly averaging around 1–2 min. 
 

COLLECTION OF THE OPTIMAL TITRATION DATA SET 
Inspection of preliminary titration data (section Starting 
procedure) can reveal several different patterns, each 

 

Figure 2. LEFT: The most common types of preliminary titration data. RIGHT: comparison of titration at common ionic strength (e, 
■) buffer pH = 7.0, I = 0.015 M, and same sample titration upon addition of 0.1 M NaCl (a, ●).   

a) LEFTa: titration data well-fitting to 1st exponential eq. (in Scatchard eq. c = n·c0(titrand)·Ks within the 1–10 range), as expected 
for a simple ligand/DNA complex with one dominant binding mode. Can nicely be fitted to the Scatchard eq. to obtain binding 
parameters (Section 3.1.3), a collection of the > 10 titration points within the most curved range (20–80 % of complex formed) is 
recommended. 

b) LEFTb: negligible spectral change (> 1 % of signal intensity) even up to 100-fold excess of DNA (usually reaching 0.1 mM DNA): 
the most probable explanation: method is not sensitive to ligand binding to DNA or there is no biorelevant ligand / DNA interaction. 

c) LEFTc: spectral change proportional to c(DNA) as far as 100-fold excess of DNA (usually reaching 0.1 mM DNA): weak binding 
interaction, not possible to accurately fit to Scatchard eq., thus suggesting Ks < 104 M–1. 

d) LEFTd: measurable change only upon several starting additions (usually changing linearly with c(DNA) and ending at r = [ligand / 
DNA] =0.5–0.1), followed by no further changes: suggests high binding constant Ks >> 1 / c(ligand). Either c(ligand) should be 
decreased by at least one order of magnitude, or, alternatively, an increased optical path in UV–Vis titration, a more sensitive 
method, or instrument is sought. 

e) RIGHT: Within titration course spectral changes in opposite direction (e, ■), with the breakpoint usually close to r = [ligand / DNA] = 
0.3–0.1: at least two different binding modes are present, commonly one at excess of ligand originating to ligand aggregation within 
DNA binding site, and changes at excess of DNA attributed to single ligand molecule binding to DNA binding sites. Such data set does 
not allow a simple determination of binding affinity(es). In some cases, decreasing c(ligand) by an order of magnitude and starting 
titration at an excess of DNA over ligand can yield data for accurate determination of the binding constant to a single binding site. Also, 
sometimes an increase of ionic strength in solution by e.g. increasing of c(NaCl) for 0.1 M, efficiently suppresses contribution of ligand 
/ DNA electrostatic interactions, thus leaving one dominant type of binding mode.[55]   
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leading to different conclusions (Figure 2), based on which 
further action is taken: 
 

PROCESSING OF TITRATION DATA TO DETERMINE 
BINDING CONSTANTS (Ks) AND STOICHIOMETRIES 

(SCATCHARD RATIO n = [bound ligand] / [DNA]) 
A comprehensive and succinct review evaluating DNA 
binding constants through fluorescence titration 
spectroscopy, in detail describing way for calculating small 
molecule binding affinities toward DNA, particularly for 
fluorogenic ligands, has recently been published.[34]. 
Complementary descriptions of spectrophotometric 
titration methods—highlighting their strengths in real-time 
UV–Vis or CD monitoring of hypochromic shifts and 
limitations such as interference from absorbing species—
along with their integration with isothermal titration 
calorimetry (ITC), provide deeper insights into nuanced 
variations in binding thermodynamics and stoichiometry. 
Further, additional description of characteristics and 
limitations of spectrophotometric titration methods, as 
well as combination with microcalorimetric methods, can 
give additional information about fine differences in 
binding affinity.[56]  
 Multivariate spectroscopic measurements allow for 
reliable determination of stability constants when several 
criteria are met.[57] These include a reproducible signal–
concentration relationship described by a model with 
parameters that remain constant throughout the 
experiment (Beer–Lambert law), and the validity of spectral 
independence among the species present in the reaction 
mixture. In the case of DNA-binding molecules, multivariate 
data analysis using the Scatchard equation for equilibrium 
concentrations calculation yields values for the binding 
constant and the average number of nucleotides occupied 
per bound molecule. The molar spectra of spectrally active 
species are also obtained through data fitting. 
 

Derivation of Scatchard Equation 
Scatchard equation is derived from a model where a ligand 
(L) binds to macromolecule (M) with n identical and 
independent binding sites. 
 
 nM nL ML+   (1.1) 

 
 In the case of DNA, the binding sites are represented 
by individual nucleotides, and n denotes the number of 
ligands bound per nucleotide. When a ligand occupies more 
than one nucleotide, n is less than 1, and 1 / n can be 
interpreted as the average number of nucleotides occupied 
by a single bound ligand. In this model, the mass balance 
equations are extended by the factor n, which converts the 
concentration of DNA nucleotides into the concentration of 
binding sites: 

( ) [ ] [ ]⋅ = ⋅ +nucleotides free nucleotides MLn c n  (1.2) 

 ( ) [ ] [ ] [ ]( )= + ⋅ ⋅ ⋅ −L L L free nucleotidesK nc  (1.3) 

 
 Stability constant for the equilibrium of the binding 
to one independent site is: 
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 The fractional saturation r is given by the equation: 
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 If [ML] in the [Eq. (1.4)] is substituted by equation 
above the following expression is obtained: 
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 This expression is often linearized to the form: 
 

 
[ ] ( )

L
r K n r Kr Kn= − = − +  (1.7) 

 
 where the left-hand side fraction is plotted against r. 
The slope equals to –K and the number of binding sites n is 
determined from the intercept. 
 

Changes in Absorbance or Emission Intensity Plotted 
Against DNA Concentration  

In the preliminary analysis of the obtained spectra, several 
corrections can be made to facilitate the detection of the 
binding process. These include the simple summation of 
the spectra of the reactants, scaled to their analytical (total) 
concentrations in the reaction mixture. If the resulting 
spectrum differs in shape and/or intensity from the 
observed spectrum, this is a strong indicator that binding is 
taking place. The true stoichiometry of the formed 
complexes can be assessed by plotting single-wavelength 
values against the titrant/titrand molar ratio, after 
correcting for dilution effects. In some cases, the titrant 
may absorb at the chosen wavelength, resulting in signal 
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changes that resemble a weak binding event. To resolve 
this, the titrant signal at the chosen wavelength can be 
subtracted. If the resulting plot shows constant values of 
the measured spectroscopic quantity, then no binding 
occurs—or complexation does not induce changes in the 
spectra of the reaction participants. The Job plot is a 
classical analytical technique used to determine the 
stoichiometry of a complex formed between two 
interacting species, typically a ligand and a metal ion, or a 
protein and a nucleic acid, etc. The method is based on 
preparing a series of solutions in which the total molar 
concentration of the two interacting components remains 
constant, but their mole fractions vary systematically. For 
each mixture, a measurable property that reflects complex 
formation (such as absorbance, fluorescence, or chemical 
shift) is recorded. The observed signal is then plotted 
against the mole fraction of one component. The extreme 
of the Job plot curve corresponds to the stoichiometric 
ratio of the components in the complex. The Job plot is 
limited to complexes of moderate to high stability and is 
used mainly for stoichiometry determination. For these 
reasons the method is being replaced by systematical data 
fitting and testing of all reasonable binding models.[58,59]  

 
Recommended Number of Data Points, Focus on 

Collecting Most of Data in the 20–80 % Of Complex 
Formation Range 

In order to obtain reliable parameter values, careful 
planning of the experiment is required. In cases where only 
one form of complex is formed, the value of the stability 
constant (Figure 3a) and the initial concentration of the 
titrand (Figure 3b) dictate the shape of the complex 
formation curve in the distribution diagram. This shape can 
be easily assessed by calculating a factor c:  
 

 ( )0 titrand sn K= ⋅ ⋅c c  (1.8) 

 
 where n is the average number of binding sites occu-
pied by one guest molecule, c0(titrand) is the initial titrand 
concentration and Ks denotes the stability constant. If the 
value of the factor c is between 0.5 and 10, then the shape of 
the complex formation curve is ideal for reliable stability con-
stant determination. Values above 10 indicate that the bind-
ing is too strong in this concentration range, while values 
below 1 suggest weak complex formation. Factor c can be 
easily adjusted by changing the titrand concentration (Figure 
1b), provided that the chosen spectroscopic method yields 
reliable results in the chosen concentration range. In the case 
of 1 : 1 competition experiment, changing the concentration 
range of the experiment does not change the distribution 
curves of complexes present in reaction mixture if the molar 
ratio of reactants remains unchanged. 

 If estimates of stability constant and the average 
number of occupied binding sites, then the titration can be 
planned more effectively by performing the titration in the 
optimal range of complex percentage formation, which is 
from 20 % to 80 % but can be extended to 0–90 %. Usually, 
up to 10 titrant additions are enough to obtain good quality 
data suitable for fitting if the complex percentage for-
mation criteria are met. To further improve experimental 
conditions, one can carefully choose the volumes of titrant 
solution in order to uniformly change the percentage for-
mation of formed complexes (Figure 4).[60] This ensures that 
the total titration range is equally sampled with respect to 
the spectral property that is proportional to the concentra-
tion. In the case of single complex formation, the calcula-
tion of the titrant volume is simple: 

( ) ( )( )
( ) ( )( )

0 s 0
titrant

0 s

100 titrand 100
100 titrant 100

α n c K α V
V

c K α α
+ ⋅ ⋅ ⋅ − ⋅

=
⋅ ⋅ ⋅ − −

 (1.9) 

 
 where Vtitrant is the cumulative volume of added 
titrant solution, α is the percentage formation of the 1 : 1 
complex (expressed as a %), Ks is the stability constant of 
the corresponding complex, c0(titrand) is the initial 
concentration of the titrand, and c0(titrant) denotes the 
concentration of the titrant stock solution. 

 

 

 

 
 

 

Figure 3. a) Formation curves of 1 : 1 complexes of different 
thermodynamic stability, b) formation of 1 : 1 complex at 
different initial concentrations. 
 

a) 

b) 
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Non-Linear Least-Squares Fitting of the Binding Isotherm, 

Advantages of Non-Linear Fitting over Linear Fitting, 
Advantages of Complete Spectra Processing  

The most reliable analysis of the obtained spectra involves 
non-linear multivariate regression. In this method, multi-
wavelength data are used, in contrast to single-wavelength 
(univariate) data, which are typically applied in preliminary 
analysis. Fitting of univariate data can lead to erroneous 
results regarding the values of stability constants and 
complex stoichiometries,[58,61] especially when paired with 
model linearization.[62] In multivariate spectrophotometric 
data analysis, each spectrum recorded during a titration 
(Figure 5a) is treated as a linear combination of the molar 
(principal) spectra of spectrally active compounds (Figure 
5b), multiplied by their equilibrium concentrations and the 
optical path length. This relationship can be expressed 
using the matrix [Eq. (1.10)], where the columns of matrix 
A correspond to the recorded spectra, the columns of E 
contain the molar spectra of the spectrally active 
compounds, and the columns of C contain the equilibrium 
concentrations of these species for a single spectrum 
measurement ([Eq. (1.11)]). This is described in more detail 
in [Eq. (1.12)], where the wavelength dependence of the 
elements in matrices A and E is explicitly shown. When 
multiple spectra are recorded, [Eq. (1.11)] is extended with 
additional columns in the absorbance and concentration 
matrices, as shown in [Eq. (1.13)]. The data fitting algorithm 
involves finding the optimal values for the stability constant 
and the average number of binding sites, while the molar 
(principal) spectra are calculated for each pair of these 
parameters using matrix multiplication (Scheme 2). For this 
calculation, the right pseudoinverse of the equilibrium 
concentration matrix is used. In the case of single complex 

formation, the equilibrium concentrations can be 
calculated directly using the analytical solution derived 
from the stability constant expression. For more complex 
systems where ligand dimerization or complexes of 
multiple stoichiometries are observed, the equilibrium 
concentrations are obtained numerically by solving the 
mass balance system of non-linear equations. 
 

 A = E C l (1.10) 
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Figure 5. a) Molar spectra of free and complexed spectrally 
active compound, b) simulated titration data for 1 : 1 
complex formation. 

 
 

 

Figure 4. y-axis uniform sampling of complex formation 
curve by adaptive titrant volume selection method. 
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 Although [Eq. (1.10)] to [Eq. (1.13)] are related to 
spectrophotometric measurements, they can be easily 
adapted for the analysis of titration data obtained by spec-
trofluorimetry or circular dichroism. The recorded spectra 
are stored in the columns of matrix A, the emission or CD 
molar spectra form the columns of E, the equilibrium 
concentrations are contained in C, and the optical path 
length is omitted from the equation. Several tests can be 
employed to assess the quality of the obtained results. The 
calculated titration and molar spectra curves should be 
smooth in the spectral range where reliable values of the 
spectroscopic signal were recorded. Observed and 
calculated single-wavelength values should be in agree-
ment, especially in regions with the most pronounced spec-
tral changes. The molar spectra of the reactants should 
differ in both shape and intensity from those of the formed 
complexes. Additionally, the set of vectors containing all 
molar spectra should be linearly independent—that is, 
none of the vectors should be expressible as a linear com-
bination of the others. Moreover, the molar spectra should 
be of comparable intensity, within approximately one order 

of magnitude. If one spectrum dominates this may indicate 
that the chosen model is unrealistic and that the resulting 
binding parameters are unreliable. The UV–Vis absorption 
and emission molar spectra obtained through data fitting 
should have non-negative values, except in the case of cir-
cular dichroism, where ellipticity values may be negative. 
 Data should be fitted by non-linear regression using 
the original model equation to avoid data transformation 
through model linearization, which can significantly impact 
the fitting results. After fitting, additional optimizations 
should be conducted starting from the values obtained by 
the initial fit to test for incomplete convergence, or from 
different initial values to confirm that the global minimum 
of the sum of squares has been found. Parameters must be 
tested for correlation. In cases of low to moderate binding, 
the stability constant and the average number of occupied 
binding sites are not independent and may change during 
optimization such that their product remains constant. In 
such cases, one of the parameters must be fixed to a known 
or approximate value throughout the optimization. 
Another way to improve the chances of convergence to 
realistic values is to include one or more known molar 
spectra of the reaction participants in the fit. These spectra 
can be obtained from stock solutions of the reactants or, in 
the case of strong binding and spectrally inactive titrant 
molecules, from titration endpoints where nearly all titrand 
molecules are in the complexed form. If the value of the 
binding parameter n is known—for example, from high-
concentration strong-binding experiments—then it can be 
used to scale the DNA concentration. In this case, the 
stability constant becomes the only fitting parameter, 
allowing the use of commercial software such as 
HyperQuad,[63] Specfit,[57,64] KEV,[65] or ReactLab 
EQUILIBRIA PRO[66] for multivariate stability constant 
determination. These programs can be applied to any 
model with a defined set of equilibria. After defining the 
stoichiometries of the elementary equilibrium equations, a 
system of nonlinear mass-balance equations is 
constructed. This system is usually solved using the 
Newton–Raphson method to obtain equilibrium 
concentrations from initial stability constant estimates. In 
most cases the optimal values of the stability constants are 
then obtained using the second-order Levenberg–
Marquardt optimization method, which identifies the 
coordinates of the global minimum of the sum of squares. 
Several difficulties can arise from the use of optimization 
methods to find the optimal solution, such as convergence 
to local minima, incomplete convergence, or unreliable 
determination of parameters. These problems can be 
mitigated by repeating the optimization from different 
starting values or by employing an appropriate 
experimental design. 

 

Scheme 2. Algorithm for non-linear fit of multivariate 
spectroscopic data with response proportional to the 

equilibrium concentrations of spectrally active compounds. 

 

A = E C l

(Aobs/l) Cpinv,i = Ei

(Aobs/l) = E C

(Ki, ni) assumed values of 
parameters in the i-th iteration

Acalc,i = Ei Ci l

( )
2

, , , ,,SS ( )i j k obs j kcalc i
j k

A A= −∑∑

 of squares global min



 
 
 
 G. HORVAT and I. PIANTANIDA: Comprehensive Tutorial: Characterization of Small Molecule … (not final pg. №) 13 
 

DOI: 10.5562/cca4215 Croat. Chem. Acta 2026, 99(1) 

 

 

 

 The uncertainties of the obtained parameter values 
can be calculated from the fit, and most fitting software 
provides the standard error of the parameter (standard 
deviation) upon convergence. This statistic can be used for 
a quick assessment of the fit quality. A rule of thumb is that 
the standard deviation of a parameter should not exceed 
20 % of its value. A more concise and statistically rigorous 
method for determining parameter uncertainties is to 
perform Monte Carlo simulations of the data fitting 
procedure (Scheme 3). First, the titration data are 
simulated from the obtained fitting parameters and 
reaction conditions in the same way as in the optimization 
algorithm (Figure 6a). Then, a set of random normally 
distributed error vectors is added to each spectrum to 
simulate experimental noise (Figure 6b). The data fitting is 
repeated, resulting in parameter values that differ from the 
initial ones. This process is iteratively repeated, each time 
with a new set of random error vectors. The resulting 
parameter values are accumulated, plotted as histograms 
(Figure 4c), and their standard deviations are calculated 
from the sample. This approach directly propagates the 
uncertainties of the measured spectral response into 
uncertainties of the model parameters under fixed titration 
conditions. It can be used both to assess the quality of the 
obtained parameter values and to plan titration 
experiments. 
 

Global Fit Procedures, Problems and Advantages 
For simultaneous multivariate fitting of spectroscopic 
titration data, a global fitting procedure can be employed 
(Figures 7 and 8).[67,68] This approach is useful in cases 
where binding parameters are correlated or when 
calculating molar spectra from titrations with low endpoint 
complex percentage formation. The optimal titration 
concentration range depends on the spectroscopic method 

and the response of spectrally active reaction participants. 
When only a 1 : 1 type of complex is observed, titrations at 
higher concentrations yield strong binding data, which is 
optimal for determining the average number of binding 

 

 

 

Figure 6. a) Simulated titration spectra for the formation of 
single type of complex, b) titration spectra with 
superimposed normally distributed error, c) distributions of 
stability constant values obtained by Monte Carlo 
simulations with different standard deviations of 
superimposed error. 
 

 

Scheme 3. Monte Carlo algorithm for least squares data 
fitting. 

Generating initial data using a 
model with known parameter values

Least squares data fitting, 
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sites but is usually inadequate for reliable stability constant 
determination. Conversely, titrations performed at lower 
concentrations are more suitable for determining the 
stability constant, although they are prone to parameter 
correlation. Combining low- and high-concentration 
titration data through a global fitting procedure allows for 
the simultaneous and reliable determination of the 
complex stability constant and the average number of 
occupied binding sites. In this procedure, the global sum of 
squares is minimized by an optimization method in the 
space defined by the values of the stability constant and the 
average number of occupied DNA binding sites (Scheme 1). 
The global sum is equal to the sum of squares 
corresponding to all experiments included in the fitting 
procedure. One way to combine data obtained by different 
methods is to normalize each term in the sum of squares by 
dividing it by the absolute difference of the physical 
quantity measured between the first and last spectrum at 

the wavelength where the maximum change due to 
complexation is observed. This procedure can be extended 
to models with multiple complex stoichiometries, as in the 
fitting of single-method multivariate data. 
 

Prediction of DNA-Ligand Complex Stability by Modern 
Computational Methods 

Predicting stability constants for DNA–ligand complexes via 
machine learning is a promising yet underdeveloped area. 
There are machine learning tools that can predict the 
stability of RNA–ligand[69] or DNA–protein complexes,[70] or 
the docking poses of ligand binding.[71,72] Progress in this 
field is likely to follow the trends observed in machine-
learning predictions of metal–ligand (M–L) complex prop-
erties,[73,74] which generally follow two approaches: using 
features derived from the M–L complex itself, typically 
from first-principles calculations, or using features 

 

 
 

Figure 7. Changes in UV / Vis spectrum of a flavylium dye  
(c = 1 × 10−5 mol dm−3) in the titration with poly dAdT–poly 
dAdT (LEFT) and dependence of absorbance at λmax =  
541 nm on (poly dAdT–poly dAdT), pH 5.0, sodium 
cacodylate buffer, I = 0.05 mol dm−3 (RIGHT). The fitting to 
the Scatchard eq.[68] 

 
 

 

 

Figure 8. Strong increase of emission intensity of a flavylium 
dye (c = 1 × 10−5 mol dm−3, λexc. = 541 nm) in the titration 
with poly dAdT–poly dAdT (LEFT) and dependence of 
relative emission intensity λem. = 630 nm upon the addition 
of various ds-polynucleotides (sodium cacodylate buffer, pH 
= 5.0, I = 0.05 mol·dm−3) (RIGHT). Data were fitted by non-
linear least square procedure according the Scatchard 
equation (▬).[68] 
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calculated separately from the metal and the ligand. 
Because the three-dimensional structure of the DNA–
ligand complex in aqueous solution is often uncertain, most 
studies predicting overall stability constants will certainly 
rely on docking the ligand to DNA using computational 
software. 
 

PITFALLS IN TITRATION-BASED DNA BINDING STUDIES 
While titrations are a powerful tool for quantifying 
binding affinity and interaction modes, several technical 
and interpretive issues can affect accuracy and 
reproducibility. Below are the most common pitfalls to be 
aware of: 
A. Inaccurate Concentration Determination 
 Problem: DNA and ligand concentrations are critical 
for reliable binding curves. Errors in quantification (e.g., im-
pure oligonucleotides or inaccurate absorption coefficients) 
can distort binding constants and ligand / DNA 
stoichiometries. 
 Solution: Use high-quality, HPLC-purified 
oligonucleotides; check DNA concentration by absorbance 
at exact conditions (buffer, ionic strength, pH) using 
sequence-specific wavelength and molar absorption 
coefficients. Measure ligand absorbance directly in buffer 
and validate with the known standard. UV–Vis spectrum 
(section Ligands (Small Molecules)). 
B. Buffer Mismatch and pH Drift 
 Problem: Different buffers for DNA and ligand stock 
solutions can cause artefacts (e.g., absorbance / emission 
unexpected / inexplicable changes or precipitation). pH-
sensitive ligands may change pK upon interaction with DNA. 
 Solution: Prepare all stock solutions in the same 
buffer. Compare results with pH-dependent UV-Vis spectra 
of a ligand (section Ligands (Small Molecules)), especially 
when working near the pKa of the ligand. 
C. Ligand Self-Aggregation or Fluorescence Quenching 
 Problem: At the ligand excess over DNA, some small 
molecules self-aggregate, causing changes in spectral 
properties. 
 Solution: Compare with the aggregation properties 
of a ligand (section Ligands (Small Molecules)). 
D. Inner Filter Effect (Fluorescence Titrations) 
 Problem: High absorbance at the excitation or 
emission wavelengths leads to signal attenuation, giving 
misleading results. 
 Solution: Keep total sample absorbance at the end of 
titration with DNA below 0.1 at the excitation wavelength. 
If dilution of a sample is not applicable, consider a shorter 
optical pathway, or approaches to avoid problem[42] or use 
Inner Filter correction formulas.[43] 
E. Poor Mixing and Sample Inhomogeneity 
 Problem: Incomplete mixing can cause sample 
variability and inconsistent spectra. 

 Solution: Check DNA stock solution for uneven 
viscosity or gel particles (see section DNA/RNA (Hosts)). Mix 
gently but thoroughly after each addition (e.g., pipette up 
and down 3–5 times or use magnetic stirring for cuvettes). 
F. Incorrect Binding Model Fitting 
 Problem: Applying a simple 1 : 1 binding model to 
complex binding interactions (e.g., cooperative binding, 
multiple modes) leads to poor fits and inaccurate Ks values. 
 Solution: Inspect residuals of the fit, try multivariate 
fitting models (e.g., Specfit / HyperQuad multiple-site 
models), and validate complete titration range or partial 
titration range with independent methods (e.g., CD or 
thermal denaturation assays), eventually by application of 
GlobalFit procedures. 
G. Dilution Effects 
 Problem: Large-volume titrations can change total 
concentrations significantly, especially at low DNA or ligand 
levels. 
 Solution: Either correct for dilution mathematically 
or use a reverse titration format (fixed DNA, increasing 
ligand) with minimal volume change. 
H. Temperature Variability 
 Problem: Binding affinities are temperature-
dependent, therefore ambient temperature drift during 
titrations can cause inconsistent readings. Also, 
fluorescence of some ligands is extremely temperature 
sensitive, as noted in section DNA/RNA (Hosts).[41] 
 Solution: Perform titrations in a temperature-
controlled room or use a cuvette holder with thermal 
regulation. 
I. Over-Interpretation of Signal Changes 
 Problem: Not all signal changes equate to specific 
binding; some may arise from nonspecific interactions or 
ligand rearrangement. 
 Solution: Confirm results with complementary meth-
ods such as thermal denaturation, CD spectroscopy, or 
NMR / ITC, and interpret spectral changes in a structurally 
logical context (for instance, bulky ligands cannot interca-
late, neutral ligands cannot base their affinity on interac-
tions with polyanionic DNA backbone, etc). 

Circular Dichroism (CD) Spectroscopy 
Chirality is a property possessed by the majority of natural 
compounds, characterized by the lack of superimposable 
mirror images, which exist in the form of enantiomers. 
Hence, for monitoring such molecules, a sensitive 
spectroscopic method is much needed. Circular dichroism 
(CD) is a polarization spectroscopy used to study the 
differences in the absorption of left- and right-handed 
circularly polarized light by a sample containing chiral 
molecules.[75,76] It provides valuable insight into the 
structural features and conformational changes of the 
studied compounds, due to various alterations in the chiral 
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environment around chromophores, which can influence 
the CD spectrum of the studied compound.  
 The double-stranded helix of DNA has a distinct 
chirality due to the spatial arrangement of the bases 
around the helical axis. Consequently, the CD spectrum 
strongly depends on the DNA secondary structure as well 
as used experimental conditions.[76,77] This can be 
employed for checking the quality of DNA samples (see 
section DNA/RNA (Hosts)).  
 Moreover, small achiral molecules (ligands), do not 
possess CD spectrum, but upon binding to DNA can change 
the structure of DNA (consequently altering its CD 
spectrum). Moreover, if ligand molecule is dominantly 
uniformly oriented in respect to DNA chiral axis, it could 
acquire induced (I)CD spectrum within the range of ligand 
UV–Vis absorption spectrum. The sign, shape and intensity 
of such ICD bands can be used for analysis of ligand 
orientation within DNA binding site and thus, help in 
determination of binding mode.  
 For this reason, several step-by-step guides have 
been published on the use of CD / LD spectropolarimetry to 
monitor DNA conformational changes upon ligand 
binding,[31,32] as well as a comparative overview outlining 
how CD and LD results can be interpreted with respect to 
the most common ligand–DNA binding modes.[33] In the 
present work, only the most essential facts related to other 
methods will be summarized, while further details can be 
found in the aforementioned references.  
 In the context of studying non-covalent DNA / RNA–
small molecule complexes, CD spectra can often be divided 
into two wavelength-dependent ranges (Figure 9). 
 

The Wavelength Range Between 200–300 nm 
The wavelength range between 200–300 nm is 
characteristic of DNA, the most common CD bands for 
right-handed DNA being a strongly negative band at about 
245 nm and a strongly positive band within 265–290 nm 

range. It is essential to check whether the UV spectrum of 
a ligand absorbs significantly within this range, and strongly 
advised in such cases to plot the ligand UV spectrum above 
CD spectra results. If the contribution of ligand absorption 
is weak or negligible, changes of DNA bands upon ligand 
binding can be attributed to the change of DNA helix 
chirality. The most common change is decrease of CD-band 
intensity, usually attributed to ligand-induced unwinding / 
kinking / disruption of DNA helical secondary structure. 
However, if ligand absorbs light in the mentioned range, 
detected CD changes cannot be assigned to polynucleotide 
only, due to the co–presence of several CD–active species: 
intrinsic and ligand-changed CD spectrum of DNA / RNA and 
the induced CD (ICD) signal of the ligand. In combination 
with other methods, particularly titration results (section 
Spectrophotometric (UV-Vis or fluorimetric) Titrations), 
sometimes deconvolution of spectra is possible by using 
multivariate analysis of complete spectra, allowing analysis 
of changes in DNA chirality.  
 

Wavelength Range Above 300 nm 
 Wavelength range > 300 nm is attributed to the light 
absorption of the ligand only, thus giving, in the case of an 
achiral ligand, highly informative signals. Appearance of 
isodichronic points strongly supports formation of only one 
dominant type of ligand / DNA complex, and observed 
spectrum could be directly correlated to the binding mode 
and the geometry of the ligand / DNA complex (Figure 9, 
details in Ref. [33]).  
 The scenario is not so straightforward with chiral lig-
ands, which have an intrinsic CD signal, so the difference in 
the CD spectrum caused by ligand/DNA binding is complex 
for the same reason mentioned above for the system 
described in section The Wavelength Range Between 200 
and 300 nm, and could also only be deconvoluted by the 
mentioned multivariate techniques.  
 

PROCEDURES (CD SPECTROSCOPY) 
The results described in sections Starting procedures, 
Collection of the optimal titration data set, and Processing 
of titration data to determine binding constants (Ks) and 
stoichiometries (Scatchard ratio n = [bound ligand]/[DNA]) 
are essential for adequate planning of CD experiments, 
particularly the shape of the ligand UV–Vis spectrum, 
information about one dominant or several distinguishable 
ligand / DNA complexes, binding constants, and binding 
stoichiometry (Scatchard ratio n = [bound ligand] / [DNA]). 
Furthermore, experimental conditions and equipment are 
usually very similar as used in section Spectrophotometric 
titrations, thus in many cases the same sample can be 
measured. For instance, ligand sample in 5–10 µM 
concentration can be measured by all three instruments: 
UV–Vis, CD, and fluorescence spectrophotometer. 

 

 

Figure 9. Characteristic bands in the CD or LD spectrum. 
Obtained by permission and modified from.[33] 
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 It should be stressed that common CD titration is 
performed in opposite order to UV-Vis or fluorimetric titra-
tions:[31,33] first the CD spectrum of spectroscopically active 
species (DNA, 10–20 µM) is collected (also used to check 
DNA helix integrity, as shown in section DNA/RNA (Hosts)), 
and then aliquots of ligand are added, either in a detailed 
quantitative titration experiment (allowing binding con-
stant determination, but rather slow)[31] or faster, gathering 
qualitative information about ligand / DNA structure, 
collected in molar ratio r[ligand] / [DNA] = 0.05–1.[33,77] 
 The detailed explanations of the experimental 
conditions given below can be found in comprehensive 
tutorials.[7,33]  
 

Practical Binding Experiment/Step by Step Procedure 
Pipette 2 mL of buffer into a 1 cm pathlength cuvette 
(capacity: 3 mL), then record its ECD spectrum. Buffer 
spectra may show nonzero signals, so always subtract the 
latest buffer spectrum from subsequent sample scans. 
Ensure the cuvette remains in the same orientation 
throughout the experiment. 
 Add DNA stock solution to the cuvette to achieve a 
final concentration of 10–40 µM polynucleotide. Record 
the ECD spectrum and subtract the corresponding buffer 
spectrum. The baseline above 300 nm should be flat. If it 
deviates, check for solution turbidity or other issues 
detailed in Chapter General Considerations in Ligand–
DNA/RNA Interaction Studies. 
 Add ligand stock solution (preferably at mM 
concentrations) in increments to reach r[ligand] / 
[polynucleotide] ratios from 0.1 to 1 in steps of 0.1. This 
ratio range typically reveals all major binding events, as 
depicted in Figure 2, suitable for detailed analysis. 
Incubation time before recording each spectrum depends 
on the binding kinetics; determine this using prior UV / Vis 
or fluorescence titration experiments. After each addition, 
subtract the buffer spectrum. 
 Each ECD spectrum requires 10–20 minutes of 
acquisition (depending on a scan rate and multiple 
accumulations). Process and compare spectra during 
measurement to monitor real-time spectral changes. If the 
baseline shifts in a wavelength region where neither DNA 
nor ligand absorbs, immediately investigate for turbidity 
(see Chapter 2). 
 Continuously monitor absorbance during 
measurements. Ensure the sample’s total absorbance 
never exceeds upper limit recommended by instrument 
producer (typically A = 1.5 – 2.0). 
 

RESULTS (CD SPECTROSCOPY) 
In analyses of induced CD (ICD) bands, aside from 
characteristic sign (negative or positive) also expressions as 
“weak” or “strong” are also used. Latter are of a relative 

nature and refer to the intensity of DNA bands. 
 Here are listed the most common CD results for a 
simple system of achiral ligand/DNA complex (Figure 9): 
 i) Intercalative ligand / DNA binding usually yields at 
λ > 300 nm a weak negative ICD signal (additionally 
supported by ILD band, Fig. 3). Occasionally, intercalators 
yield only weak or negligible ICD signals due to a non-
parallel orientation of their transition vector relative to 
adjacent base-pair axes. The ICD(ILD) response non-linearly 
changing upon titration of DNA with ligand, reaching the 
saturation approximately at the ratio r[ligand] / [DNA] = 
0.2–0.3, which should correlate well with calculated 
Scatchard ratio n = [bound ligand] / [DNA]. Further ligand 
additions, at r > 0.3, yield an excess of ligand over DNA 
binding sites, and in some cases can induce the appearance 
of novel ICD bands, attributed to ligand aggregation along 
DNA. Within a 200–300 nm range, a significant decrease of 
DNA bands intensity is expected, but only in the range 
where ligand absorbance is negligible (see section The 
Wavelength Range Between 200–300 nm). 
 ii) Ligand binding into DNA groove (mostly minor 
groove of B-helical DNA, or major groove of A-helical DNA, 
due to narrow and deep size of grooves, Table 1) commonly 
causes a strong positive ICD band (Figure 9). The ICD(ILD) 
response is non-linearly changing upon titration of DNA 
with ligand, reaching the saturation approximately at the 
ratio r[ligand] / [DNA] = 0.2–0.4. Quite often at higher ratio 
r (excess of ligand over DNA) two ligand molecules by 
aromatic stacking with each other within minor groove 
form a dimer, and in further adding, ligand molecules 
sometimes self-organize in oligomers, stretching within 
DNA groove. 
 iii) Since both, intercalation and groove binding, can 
extend at r > 0.3 (sometimes even at r > 0.1) in the 
secondary binding mode, ligand aggregation along the 
DNA, it is essential to recognize this event. The dimer / 
aggregate is commonly characterized by exciton-coupled 
bisignate ICD bands. Interpretation of the obtained results 
in respect to aggregate structure and position within DNA 
is rather difficult due to the many different possible types 
of aggregates that can be formed, from differently 
organized dimers[78] to even larger aggregates, such as J– or 
H–type ones[79] at an additional excess of ligand over DNA. 
 iv) Absence of any change in CD spectrum upon 
titration with ligand does not necessarily denote lack of 
interaction. If several other methods clearly show 
interaction and biorelevant affinity, the absence of CD 
response at the same conditions commonly points toward 
agglomeration of ligand molecules along the outer surface 
of DNA, with non-uniform orientation in respect to the DNA 
chiral axis or may indicate a degenerative coupling of 
transition dipoles, even without aggregation. This is 
sometimes seen for highly positively charged, flexible 
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ligands with small aromatic moieties, which tend to wrap 
around DNA backbone, preserving helical structure (thus 
no change in CD spectra of DNA) and weak transition 
moments of aromatic chromophores oriented in many 
different ways, yielding non-uniform and weak ICD bands, 
within the signal-to-noise ratio.[33] 

 v) Major or complete loss of CD spectrum, caused by 
ligand addition. Such a rare event commonly denotes ligand 
ability to strongly destabilize DNA secondary structure,[80] 
and is typically accompanied by a strong decrease of the 
DNA thermal denaturation point. 
 Chirality of a ligand complicates interpretation of the 
results, particularly in a 200–300 nm range, where signals 
from free species (DNA and ligand) overlap with those of 
the ligand / DNA complex(es). Even > 300 nm range, the CD 
spectrum of a free ligand may be altered by interactions 
with DNA, and eventually overlapped by ICD bands of 
ligand-chromophore oriented uniformly in respect to DNA 
chiral axis. Simply subtracting the free ligand spectrum 
from experimental titration data cannot fully account for 
these effects and may lead to erroneous conclusions. 
 An ideal case of collecting enough data points for 
accurate non-linear fitting[31] and determination of binding 
constant is rarely possible due to limitations of CD 
spectropolarimetry. However, if binding constant (Ks) was 
determined accurately by prior experiments (section 
Spectrophotometric (UV-Vis or Fluorimetric) Titrations), CD 
titration data can be analyzed by using multivariate non-
linear analysis of commercially available programs (section 
Processing of titration data to determine binding constants 
(Ks) and stoichiometries (Scatchard ratio n = [bound 
ligand]/[DNA])) with known CD spectra of free DNA and 
free ligand, and by inserting the known Ks value of the 
ligand / DNA complex. So, the obtained CD spectrum of the 
fully formed ligand / DNA complex can be compared with 
CD spectra of the free species to draw general conclusions 
about changes in chirality and structure. 
 

CD RESULTS CORRELATION WITH OTHER METHODS 
The changes in CD spectra of DNA (λ = 200–300 nm range), 
if not obscured by ligand absorption (section 
Spectrophotometric (UV-Vis or Fluorimetric) Titrations), 
represent the changes in DNA secondary structure, giving 
valuable information about distortions (loss of chirality, 
typical for some binding modes), or in some cases, chirality 
increase. The ICD bands at the λ > 300 nm range prove well-
defined orientation of a ligand in respect to the DNA chiral 
axis, in concurrence with other methods (Conclusions, 
Table 2) strongly supporting particular binding mode 
(Figure 9). Also, ICD band shape during titration clearly 
marks the transition from the single ligand molecule 
dominant binding mode to ligand aggregation, allowing 
more accurate choice of the range of UV–Vis or fluorimetric 

titration data for calculation of binding constant (sections 
Collection of the optimal titration data set and Processing 
of titration data to determine binding constants (Ks) and 
stoichiometries (Scatchard ratio n = [bound 
ligand]/[DNA])). 
 

PITFALLS IN CD TITRATIONS 
Although CD spectropolarimetry is indispensable method in 
determination of ligand / DNA binding modes, it has 
limitations and pitfalls similar to other 
spectrophotometries (section Spectrophotometric (UV-Vis 
or fluorimetric) Titrations), as well as some specific 
problems for chirooptical methods. The most common 
pitfalls are listed below: 
A. Quality of DNA sample 
 Problem: improperly or partially folded DNA, as a 
consequence of poor preparation or impurity (section 
DNA/RNA (Hosts)), or subsequent denaturation / 
contamination, directly hampers chiral response and 
renders all collected data useless.  
 Solution: For each titration validate the shape and 
intensity of DNA CD spectrum against known standard. Also 
take care not to challenge DNA integrity during experiment, 
for instance by significantly lowering the ionic strength (i.e., 
upon dilution by ligand solution addition). 
B. Baseline increase/change during titration 
 Problem: An apparent positive drift of the baseline 
during ligand concentration increase in the cuvette, usually 
best seen in the long-wavelength range of the spectrum, 
hampers subtraction of baseline from collected spectra, 
rendering data useless. This is a clear evidence of 
precipitation or colloid / aggregate formation in the 
cuvette, usually also noticed in UV–Vis titrations (section 
Spectrophotometric (UV-Vis or Fluorimetric) Titrations. 
 Solution: Decrease DNA concentration, increase 
number of accumulations of spectrum for enhanced 
sensitivity and focus on the conditions of excess of DNA 
over ligand (r < 0.2). 
C. Temperature Variability 
 Problem: Some DNAs have low thermal denaturation 
points (i.e. AT–DNA oligonucleotides), thus ambient 
temperature drift during titrations can cause inconsistent 
readings.  
 Solution: Perform titrations in a temperature-con-
trolled room or use a cuvette holder with thermal regulation. 
D. Misinterpretation of Signals  
 Problem: Changes in CD spectrum during titration 
can be very complex, in respect to sign, intensity, signal-
coupling, as in detail elaborated in recent tutorials.[33]  
 Solution: For advanced analysis of complex systems 
only application of advanced molecular modelling study, if 
possible coupled with other structure-informative methods 
(e.g. NMR) can eventually give accurate structure.[81] 
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E. Unexpected Signals  
 Problem: CD bands might arise at wavelength range 
at which neither DNA nor ligand absorb. CD 
spectropolarimetry is highly sensitive to the particle size, so 
formation of particles of very uniform diameter (i.e. by 
ligand-induced DNA condensation in globular shape),[82] 
will give inexplicable CD band at wavelength proportional 
to the particle diameter distribution.[83] Such phenomenon 
is not related to standard chiroptical properties. 
 Solution: Decrease DNA concentration, increase 
number of spectrum accumulations for enhanced 
sensitivity, and focus on the DNA over ligand excess (r < 0.2) 
conditions. If signal persists, it is advisable to refer to a set 
of methods dealing with DNA condensation (AFM, DLS). 

Thermal Denaturation (Thermal 
denaturation Temperature Shift, ΔTₘ) 

At variance to methods described in section 
Spectrophotometric (UV-Vis or fluorimetric) Titrations and 
partially also in section Circular Dichroism (CD) 
Spectroscopy, this method monitors primarily intrinsic 
property of DNA secondary structure, temperature-
induced unfolding (common expressions are denaturation, 
melting) of ds-DNA, G–quadruplex or other poly-stranded 
DNA forms into ss–DNA constituents. The DNA 
denaturation point (Tₘ) presents a temperature at which 
half of the poly-stranded DNA is unfolded into ss–DNA. 
Non-covalent binding of small molecules to ds-
polynucleotides usually enhances the thermal stability of 
the ds-helices thus resulting in increased Tm values (positive 
∆Tm), although some ligands could also destabilise DNA, 
which is manifested by negative ∆Tm. Obtained 
denaturation curves can be very informative about ligand / 
DNA interactions, observing difference between one 
dominant binding mode or several coexisting modes, 
showing saturation of dominant binding sites, which can be 
correlated to Scatchard ratio n = [bound ligand] / [DNA] 
(from section Processing of titration data to determine 
binding constants (Ks) and stoichiometries (Scatchard ratio 
n = [bound ligand]/[DNA])), as well as with CD results 
(section Results (CD Spectroscopy) - i)=, and also, some 
general stabilization effects related to type of binding 
mode.[35] However, it should be stressed that this method 
is performed at significantly increased temperature, thus, 
direct correlation of obtained stabilisation effects cannot 
be directly correlated to the thermodynamic equilibrium of 
ligand / DNA interactions at biorelevant conditions (room 
temperature or 37 °C).  
 

PROCEDURES (THERMAL DENATURATION) 
Method is based on the determination of a relative value 
(ΔTₘ) by subtracting the denaturation point of DNA (Tₘ) 
alone from that of the ligand / DNA complex. Therefore, it 

is highly advisable to perform experiment simultaneously 
with DNA solution and several ligand / DNA solutions 
differing in ratio r[ligand] / [DNA]. Since during heating the 
samples may experience unexpected bubbling, 
precipitation, or other hindrances can occur in only some 
samples, it is recommended to test simultaneously all 
samples in duplicates. Such organization of the 
experiments is possible due to the most common 
instrument (UV–Vis spectrophotometer with 6–12 cuvettes 
holder and adequate DNA-denaturation software), and 
recently also available analogous CD instrument. 
 For the better comparison with other methods, 
experiments are usually performed at very similar 
conditions to UV–Vis or CD titrations (sections 
Spectrophotometric (UV-Vis or fluorimetric) Titrations or 
Circular and Linear Dichroism (CD) Spectroscopy), including 
buffer, ionic strength, concentration of DNA, standard type 
of quartz cuvette, and eventual traces of other solvents. 
 

DNA Samples Preparation 
Take into account that some DNA oligonucleotides (partic-
ularly AT-rich) have very low thermal denaturation points, 
in contrast to GC-polynucleotides, which melt > 100 ºC, and 
thus cannot be studied by this method. To avoid pipetting 
errors by adding small aliquots of DNA stock solution to 
large number of cuvettes, it is advisable to prepare ade-
quate volume of DNA solution (typically 5–20 µM) and dis-
tribute it in cuvettes. Alternatively, after aliquots of DNA 
stock solution are added to all cuvettes, c(DNA) can be 
determined spectrophotometrically (as per section 2.1.2). 
The latter approach is advisable when the ligand stock 
solution is in an organic solvent (i.e. DMSO), from which an 
aliquot is added to the DNA – in this case exact amount of 
DMSO has to be added to the free DNA sample. 
 

Ligand Addition 
Dependence of ligand UV spectrum on temperature was 
previously characterised (section Ligands (Small 
Molecules)), and observed changes should be taken into 
account. Most ligands do not show significant change at 
here used concentrations (typically µM range). Upon ligand 
addition to all DNA samples (commonly r[ligand] / [DNA] = 
0.1, 0.2, and 0.3) incubation period determined at section 
Spectrophotometric (UV-Vis or fluorimetric) Titrations 
should be taken into account if longer than 10 min. 
 

Instrument Setup 
All samples are put in a multicell holder and commonly 
absorbance at 260 nm (or 295 nm for G–quadruplexes) was 
monitored from 20 °C to 95 °C, at 0.5 °C intervals, a heating 
ramp rate of 0.5 °C min–1 using a temperature-controlled 
UV-Vis spectrophotometer. Analogous experiment in CD 
spectropolarimeter commonly monitors typical DNA bands 
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(section Circular and Linear Dichroism (CD) Spectroscopy). 
Such experiment for 12 cuvettes usually takes 1–2h.  
 However, more recent studies stress additional ap-
proaches, which, within marginally longer invested time, 
offer additional information.[84] The study introduces a 
method that captures the full UV-visible absorbance spec-
trum at each temperature point, rather than relying solely 
on the standard 260 nm absorbance. This approach allows 
for tracking of thermal denaturation in systems where 
other wavelengths (e.g., for ligand-bound or noncanonical 
structures) may be more informative. The method is espe-
cially useful for nucleic acid structures complexed with flu-
orogenic ligands, where traditional absorbance techniques 
may not adequately capture changes in secondary structure. 
 

RESULTS (THERMAL DENATURATION) 
Thermal denaturation temperatures (Tₘ) were commonly 
calculated as the inflection point of the of the thermal 
denaturation curve (Figure 10A), also often presented as a 
maximum of first derivative (Figure 10B), and the relative 
value of stabilisation induced by ligand (ΔTₘ) by subtracting 
the denaturation point of DNA (Tₘ) alone from that of the 
ligand / DNA complex: 
 

Calculation of Stabilisation:  
ΔTₘ = Tₘ(DNA + ligand) − Tₘ(DNA alone) 

Results from at least two independent measurements were 
compared based on the shape of the denaturation curves, 
ensuring that differences in hyperchromic shift did not 
exceed the instrument setup rate of 0.5 °C. Additional 
comparison criteria included the shape and flatness of the 
baseline regions before and after the thermal denaturation 
transition. When the data were consistent within the 
instrument's error margin, the calculated ΔTₘ values were 
averaged to yield a final ΔTₘ value reported with an error 
of ± 0.5 °C. 
 Some additional conclusions may be retrieved from 
the experiments. For instance, monophasic curve (Figure 
10, r = 0.1) supports one dominant binding mode and so 
obtained ∆Tm values often increase proportionally with 
ratio r[ligand] / [DNA] until abrupt binding sites saturation 
(commonly about r = 0.2–0.3), which can be correlated to 
calculated Scatchard ratio n = [bound ligand] / [DNA] (from 
section Processing of titration data to determine binding 
constants (Ks) and stoichiometries (Scatchard ratio n = 
[bound ligand]/[DNA])), as well as with CD results (section 
Results (CD Spectroscopy - i). However, sometimes due to 
scattering of results around the thermal denaturation curve 
inflection point (Figure 10 A, r = 0.1), the first derivative of 
the thermal denaturation curve is broad signal (Figure 10B, 
Inset, full line) – in such case, fitting of monophasic curve 
to sigmoidal equation model (which actually agrees with 
theoretical shape of curve) and consequent first derivative 

calculation (Figure 10B, Inset, dotted line) will produce 
better defined maximum and more accurate Tₘ value. If 
any further ligand addition above saturation ratio r does 
not result in any change of ΔTₘ value, this strongly supports 
only one dominant binding mode of a ligand. 
 At higher ligand-to-DNA ratios, the curves frequently 
become biphasic, with one transition decreasing and the 
other increasing as r exceeds 0.2 (Figure 10), indicating the 
presence of two binding modes—often correlating with 
ligand aggregation in excess of DNA (see sections 
Spectrophotometric (UV-Vis or fluorimetric) Titrations and 
Circular Dichroism (CD) Spectroscopy). Accordingly, these 
data, when supported by complementary methods, can be 
assigned to distinct binding modes.[35] 

b) 
 

 

Figure 10. a) Representative thermal denaturation profiles 
of ligand/DNA complexes at varying ratio r = [ligand] / 
[DNA]: free AT-DNA (black line); predominantly single mode 
stabilisation (r = 0.1; red square), other curves are biphasic 
(indicative for two binding modes) characterised by 
increasing contribution of 2nd transition step at r > 0.2.  
b) First derivative plots of the denaturation curves shown in 
a); Inset: solid line represents the raw data derivative, 
dotted line corresponds to the derivative of data fitted using 
a sigmoidal equation.[85] 
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Interpretation of Results, Limitations, and Considerations 
Polystranded-DNA thermal denaturation is a complex, 
sequence-dependent multi-phase process influenced by 
DNA structural form, ion concentration, pH and other 
experimental conditions. During the experiment, aside 
denaturation, DNA can change between different 
conformations (e.g., A–DNA, B–DNA, Z–DNA), and the 
transition between these forms can complicate the 
interpretation of thermal denaturation curves. For that 
reason any DNA denaturation curves not strictly agreeing 
with sigmoidal shape (can be checked by fitting data to 
sigmoidal eq. with expected R2 > 0.99) should be 
considered with caution (repeated, checked with increased 
DNA concentration or enhanced instrument sensitivity)  
 However, accurately obtained results can be related 
to typical binding modes, in corroboration with other 
methods: 
 Classical ligand intercalation, due to the strong 
aromatic stacking of a ligand with adjacent DNA-basepairs, 
should result in moderate to strong stabilization (ΔTₘ value 
> 5 °C), and usually reaches saturation at r[ligand] / [DNA] 
= 0.2. Such binding mode is only partially affected by ionic 
strength increase (e.g. addition of NaCl).[85] It is commonly 
non-selective between different types of ds-DNA / RNA or 
different basepair content. 
 Ligand’s electrostatic interaction with the 
polyanionic DNA backbone can yield a stabilization or even 
destabilization effect. If structurally suspected, the 
obtained ΔTₘ value would be strongly dependent on ionic 
strength (e.g., addition of NaCl), to the point that increase 
of salt concentration by order of magnitude would 
completely abolish DNA stabilization by ligand. 
 Ligand binding into DNA minor groove commonly 
results in moderate to strong DNA stabilization, and it is 
generally strongly selective for AT–DNA in B–helical form. 
 Ligand aggregation within DNA binding sites (usually 
grooves): commonly manifested by strong effects beyond 
single ligand molecule saturation point (r[ligand] / [DNA] > 
0.2). The formation of aggregate within DNA is usually 
dependent on electrostatic interactions, and this effect can 
be strongly diminished by ionic strength increase (e.g., 
addition of NaCl).[85]  
 Non-specific ligand agglomeration along DNA 
(commonly outer surface interactions with DNA backbone): 
negligible stabilization effects. 
 

Binding Affinity 
Even for ligand / DNA complex with only one binding mode 
and fully saturated binding sites, the ΔTₘ value doesn't 
directly and unambiguously translate to binding affinity, 
especially with values determined at isothermal conditions 
(section Spectrophotometric (UV-Vis or fluorimetric) 
Titrations, room temperature). Some high–affinity binding 

modes (e.g. groove binding or electrostatic interaction with 
polyanionic DNA backbone) are dominantly based on a 
ligand interaction with one DNA strand and do not stabilize 
ds–DNA significantly, whereas classical ligand intercalation 
is essentially based on ligand strong aromatic stacking with 
basepairs, leading to strong thermal stabilization. Further, 
thermal denaturation is performed at increasing 
temperature, and for accurate thermodynamic binding 
constant calculation it is necessary to determine the heat 
capacity change (ΔCp). Some advanced methods, like 
Differential Scanning Calorimetry (DSC, Supporting 
Information, S3.2.) can provide enthalpy changes at Tm, but 
even those cannot predict impact of structural DNA 
changes, which can affect the heat capacity change (ΔCp). 
Because ignoring the eventual inaccuracy of the value of 
ΔCp can introduce systematic errors when extrapolating 
binding constants to lower temperatures, thermal thermal 
denaturation methods are best suited only for estimating 
affinity under biologically relevant conditions and should 
be supported by complementary methods performed 
under isothermal conditions. 
 

PITFALLS IN THERMAL DENATURATION STUDIES 
Inaccurate or Too Low DNA Concentration (One of the 
Most Common Errors) 
 Problem: DNA and ligand concentrations are critical 
for reliable thermal denaturation curves. Errors in quantifi-
cation (e.g., from impure or not completely folded oligonu-
cleotides or inaccurate DNA absorption coefficients) 
directly affect shape of DNA thermal denaturation curve, 
intensity of hyperchromic change, as well as the reliability 
of applied ligand / DNA stoichiometries. 
 Solution: Use high-quality, HPLC-purified 
oligonucleotides; check DNA concentration by absorbance 
at exact conditions (buffer, ionic strength, pH) using 
sequence-specific wavelength and molar absorption 
coefficients (section DNA/RNA (Hosts)). Double check by 
DNA CD spectrum collected in the same cuvette in which 
thermal denaturation is to be performed (section Circular 
Dichroism (CD) Spectroscopy).  
Buffer Mismatch and pH Drift (one of the most common 
errors) 
 Problem: Different buffers for DNA and ligand stock 
solution can cause artefacts. Particularly common is 
neglecting the impact of DMSO (from ligand stock solution) 
on DNA denaturation: any amount of DMSO > 0.1 % in 
studied solution can decrease DNA Tm considerably. 
 Solution: Use the same buffer for all solutions. Add 
adequate amount of solvent used in ligand stock solution 
to the free DNA sample in cuvette, to compensate impact. 
Poor Mixing and Sample Inhomogeneity 
 Problem: Incomplete mixing of components within 
the cuvette can lead to sample heterogeneity and 
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inconsistent measurements. Additionally, during thermal 
denaturation, precipitation or colloidal formation may 
occur, resulting in unexplained shifts or abrupt changes in 
the thermal denaturation curve, including strong drop of 
absorbance. 
 Solution: The Ligand/DNA sample stability and 
homogeneity, and incubation period, should be checked in 
advance as described in section Spectrophotometric (UV-
Vis or fluorimetric) Titrations for UV–vis titrations. After the 
thermal denaturation experiment, visually inspect 
suspecting cuvette by directing a laser pointer beam 
through the sample perpendicularly oriented to the eye – 
the presence of opalescence or visible precipitation 
indicates sample instability, rendering the results invalid. In 
such cases, the experiment should be repeated, potentially 
using a lower c(DNA).  
High Baseline Drift During Heating 
 Problem: In ligand / DNA samples (but not in free 
DNA sample) the instrument readout is significantly but 
almost linearly changing even prior (and after) of the 
expected DNA thermal denaturation curve.  
 Solution: Likely ligand absorbs at used readout 
wavelength and absorbance changes with temperature. 
See ligand characterisation of a ligand at section Ligands 
(Small Molecules), and eventually correct thermal 
denaturation experiments for effect measured 
simultaneously in sample of ligand alone.  

Indicator Displacement Assay (IDA) 
This is an indirect method for assessing non-covalent 
interactions between a ligand and DNA. It is based on the 
principle of thermodynamic equilibrium between DNA 
saturated by reference small molecule (a known DNA 
binder, e.g., ethidium bromide), latter being progressively 
displaced from the DNA upon addition of the studied 
ligand. This displacement indicates effective binding of a 
ligand to DNA and can be used for the estimation of the 
ligand relative binding affinity. While IDA works well for the 
host molecule with only one binding site, common ds-DNA 
typically offers at least four different binding sites (Scheme 
1: intercalation, minor and major groove, electrostatic 
binding on an outer surface of DNA). Therefore, there is no 
guarantee that the reference ligand and the studied ligand 
will bind exclusively to the same binding site. Thus, this 
approach is generally less accurate than the direct study of 
ligand / DNA interactions by spectrophotometric methods, 
described in sections Spectrophotometric (UV-Vis or 
fluorimetric) Titrations and Circular and Linear Dichroism 
(CD) Spectroscopy. However, it is commonly employed 
when those methods are not applicable or are hindered by 
technical limitations.[86–88] The most common reason is the 
study of a non-fluorescent ligand absorbing light only in the 
UV range with low molar absorption coefficient. 

Essential Characteristics of IDA Applied on DNA Binders 
Even in the case DNA binding site of reference and studied 
ligand are different, often displacement does effectively 
take place. The reason for that contra-intuitive event is 
that reference is non–covalently bound to DNA, meaning 
it permanently oscillates between binding site and bulk 
solution. If studied ligand by any means (for instance 
steric hindrance or electrostatic interaction with DNA 
backbone) blocks approach to reference-DNA-binding 
site, the reference will be displaced. Consequently, no 
conclusion on binding site of a ligand can be derived from 
IDA experiment. 
 The IDA may not work for sterically demanding lig-
ands (for instance threading intercalators[9,10]), which rely 
on natural ds–DNA oscillations (double strand-structure 
folding and unfolding in μs – ms range),[12,13] since the most 
common reference DNA binders strongly bind to DNA and 
stabilise it against common DNA-structure oscillations. 
 Studied ligand can bind to DNA not displacing the 
reference ligand: typical example is reference intercalating 
into DNA and studied ligand electrostatically binding along 
DNA backbone, or ligand and reference binding in minor or 
major groove, respectively.[11] 

 
PROCEDURES (IDA) 

For the better comparison of Indicator displacement assay 
(IDA) with other methods, as well as with common practice 
in the literature, experiments are usually performed at very 
similar conditions to fluorimetric or UV-Vis / CD titrations 
(sections Spectrophotometric (UV-Vis or fluorimetric) 
Titrations or Circular and Linear Dichroism (CD) 
Spectroscopy), including buffer, ionic strength, 
concentration of DNA, standard type of quartz cuvette and 
eventual traces of other solvents. 
 

Step-by-Step Protocol 
Choice of a detection method: the most common is 
fluorescence (section Spectrophotometric (UV-Vis or 
fluorimetric) Titrations.), relying on a large variety of 
emissive DNA-binding dyes, preferably with strong 
emission change upon DNA binding (both, on- and off-
switches are acceptable).[88] However, CD spectroscopy 
(section Circular and Linear Dichroism (CD) Spectroscopy) 
can also be used. In both cases it is essential that the signal 
of a reference dye does not overlap with the studied ligand 
(both should be adequately characterised as outlined in 
Ligands (Small Molecules)). 
Choice of a reference dye: based on a preliminary estima-
tion of ligand affinity toward DNA (based on a ligand struc-
ture, which could suggest binding interactions, as well as 
results of section Thermal Denaturation of DNA (Thermal 
denaturation Curves) and eventually estimations from sec-
tions Spectrophotometric (UV-Vis or fluorimetric) Titrations 
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or Circular and Linear Dichroism (CD) Spectroscopy), an 
adequate reference ligand should be used.  
 For instance, ethidium bromide or thiazole orange 
(fluorescent sensors, strong emission increase upon DNA 
binding[87]) would be good references for ligands with esti-
mated Ks = 105–106 M–1, suspected to intercalate in DNA. 
Further, DAPI, characterised by 20–30-fold fluorescence 
increase upon DNA binding, but also highly selective ICD 
sensor (strong positive band at 380 nm[DAPI[89]) for only 
AT–DNA minor groove, would be adequate for suspected 
groove binders. The DAPI binding constant for AT-DNA is 
within the Ks= 10⁷–10⁸ M⁻¹ range.[90] For high-affinity lig-
ands, with estimated Ks = 107–1010 M–1, TOTO or analogues 
(YOYO) would be appropriate, as their fluorescence 
increases >1000-fold when bound to any kind of DNA.[21] 
Instrument setup: taking into account all fluorescence 
(sections Purity and Characterization of Ligands and DNA 
(Host) and Spectrophotometric (UV-Vis or fluorimetric) 
Titrations, particularly inner filter effect – keep total A < 0.1 
at excitation wavelength) or CD (section Circular and Linear 
Dichroism (CD) Spectroscopy, particularly total absorbance 
at detection wavelength) issues, instrument setup is 
adjusted to the highest sensitivity related to reference / 
DNA complex. Measuring complete spectra is 
recommended, it can give additional information (see 
Pitfalls in IDA studies - C). 
Measuring reference / DNA complex: applying the known 
binding constant from the literature (estimated Ks for 
several common dyes given in section Choice of a reference 
dye) the ratio r = [reference] / [DNA] is adjusted to > 90 % 
of reference / DNA complex formed, which ensures that 
only negligible amount of unoccupied binding sites is 
available, in the same time meaning that the most of 
reference molecules are bound (thus giving strong signal). 
Measure after optimized incubation period (sections 
Spectrophotometric (UV-Vis or fluorimetric) Titrations or 
Circular and Linear Dichroism (CD) Spectroscopy). 
 To simplify by example, for ethidium bromide with 
average Ks(dsDNA) ∼ 106 M–1 and the c(DNA) = 5 × 106 M–1, 
c(EB) = 2 × 106 M–1 (r = 0.4). 
 At the same conditions used for reference / DNA 
complex measure the controls: DNA–only, reference–only, 
ligand–only, DNA–ligand (sometimes could become 
fluorescent or change baseline by means of scattering 
effects, see Ligands (Small Molecules)), reference-ligand at 
r = 0.1; 1 and 3 (checking if there is interaction between 
them); and buffer. 
 Titration: aliquots of the studied ligand are added 
starting from the ratio r [reference] / [ligand] = 0.05, 
progressively displacing the reference dye from DNA, and 
for each addition, spectra are collected. If at r = 1 the 
changes in spectrum are about 50 % with respect to the 
reference-only spectrum (collected as control in Measuring 

reference / DNA complex), the experiment is well-
equilibrated. Any significant deviation from that 
(completed titration at r << 0.5 or negligible changes at r = 
1) renders the experiment inapplicable. 
 When in doubt (for any reason outlined in section 
IDA or others), combine fluorescence-based assays with 
CD–based assays to validate displacement vs. structural 
change. 

RESULTS (IDA) 
There are several ways to present IDA data. Mathemati-
cally, it often fits a four-parameter logistic equation, and 
the midpoint corresponds to the IC₅₀ (the concentration of 
the displacing ligand at which 50 % of the original ligand is 
displaced). The displacement curve is typically sigmoidal 
when you plot a percentage (%) of the displaced reference 
ligand versus the log concentration of the displacing ligand, 
and the midpoint corresponds to the IDA₅₀. An alternative, 
and often more intuitive, approach is to plot a percentage 
(%) of a reference dye–DNA complex versus the molar ratio 
r = [reference dye] / [ligand] (Figure 11). In this format, the 
IDA₅₀ can be read directly at the 50 % displacement point, 
also providing a clear visual link between the reference dye 
and ligand. In such representation, IDA₅₀ ≪ 1 indicates that 
a large excess of ligand is required—signalling lower affinity 
compared to the reference dye—while IDA₅₀ ≫ 1 suggests 
higher affinity. 
 Collected IDA data (Figure 11) are therefore 
processed by means: 

 

( )
( )

= ⋅dye measured

dye dye-only

Int /  DNA –  Intreference dye 
%      100

DNA complex  Int /  DNA –  Int
 

 = −
ligand reference dye

%    100 %
DNA complex DNA complex

 (2) 

 
where Intdye / DNA is intensity of reference / DNA complex; 
Intdye-only is intensity of control reference-only spectrum 
and Intmeasured is a spectrum after each ligand addition. 
The intersection of two curves corresponds to the 50 % 
displaced reference: IDA₅₀. 
 Chosen example (Figure 11) demonstrates a 
common set of results and the expected non-linear shape 
of signal changes, whereby the ratio r = [reference] / 
[ligand] at 50 % displacement gives IDA50 value. However, 
these experimental results nicely demonstrate several 
issues that can complicate analysis of IDA assays: 
• IDA50 values determined by using two reference dyes 

significantly differ (IDA50 = 0.3 and 1.1, respectively). 
• DAPI displacement assay can be extrapolated to  

0% of DAPI / DNA vs 100 % ligand / DNA (Figure 11d,  
dotted lines), whereas EB displacement assay cannot  
(Figure 11b). 
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 Since chosen ligand by steric reasons cannot 
intercalate between DNA basepairs, and other results 
support its binding into DNA minor groove, presented 
results can be assigned as follows: displacement of DAPI 
from the same DNA binding site is more adequate, can be 
annotated by a sigmoidal curve in the complete range from 
0–100 %. The intercalator EB displacement IDA50 suggests 
much larger excess of ligand necessary for displacement 
and cannot be extrapolated to 0 % of EB bound to DNA, 
suggesting that even at a very high excess of a ligand, a 
considerable amount of EB would remain DNA-bound. 
 Estimation of binding affinity: if all other experi-
mental data suggest that reference dye and ligand are 
bound in the same DNA binding site, under presumption 
that they both occupy similar length of DNA (usually 
expressed as Scatchard ratio n = [bound ligand] / [DNA] 
from section Processing of titration data to determine 
binding constants (Ks) and stoichiometries (Scatchard ratio 
n = [bound ligand]/[DNA])), rough estimation of binding 
affinity can be calculated : 
- Ks(ligand) = Ks(reference dye) / IDA50 

PITFALLS IN IDA STUDIES 
In general, previously mentioned common pitfalls (sections 
Pitfalls in Titration-Based DNA Binding Studies and Pitfalls 
in CD Titrations) should be taken into consideration. Some 
specifics for IDA are listed below: 
Negligible signal response 
 Problem: No detectable displacement of reference 
ligand, although other methods suggest efficient ligand / 
DNA binding. 
 Solution: Choice of reference dye regarding DNA 
binding site: likely ligand does not bind to the same site as 
the reference (e.g., minor groove binder vs major groove 
binder[11] or intercalator). Try reference dye with a different 
DNA binding site, structurally accessible for the studied lig  
and (for instance, if a ligand is not likely to intercalate into 
DNA, the ethidium bromide as a reference is not 
recommended). 
Response far away from r = [reference ] /[ligand] = 1 or 
stalling and lack of complete displacement at high ligand 
excess (r < 0.1) 
 Problem: The change of a signal is either noticeable 

 

Figure 11. a) Changes in the fluorescence of ethidium bromide (c = 2 × 10−6 M, λexc = 520 nm, λem = 600 nm) bound to p(dAdT)2 
(c = 5 × 10−5 M) as a function of ratio r = [reference] / [ligand]; b) calculated IDA values from fluorimetric data; c) DAPI (c = 1.2 
× 10–5 M) displacement with ligand after binding to p(dAdT)2 (c = 2 × 10–5 M) at various ratio r = [reference] / [ligand] ; d) 
calculated IDA values from ICD data. Measured in sodium cacodylate buffer, pH 7, I = 0.05 M.[91] 
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at very high (r > 5) or very low (r << 0.01) ratio r = 
[reference] / [ligand]. 
 Solution: i) Unmatched binding site of reference dye 
and ligand: likely ligand does not bind to the same site as 
the reference dye (e.g., minor groove binder vs major 
groove binder[11] or intercalator). ii) Unmatched binding 
affinity of reference dye and ligand: try reference dye with 
corresponding (lower or higher) DNA binding affinity. 
Signal changes are erratic or unexpected (increase instead 
of decrease) 
 Problem: The change of a reference dye spectrum is 
not as expected, continuous from dye / DNAcomplex to 
free reference dye, but shows an unexpected shift of 
maximum or intensity change 
 Solution: likely reference dye and ligand form a 
complex within DNA binding site (although control 
experiment in subsection Measuring reference/DNA 
complex) did not show interaction). Try reference of a 
significantly different structure, less prone to aromatic 
stacking interactions.  

CONCLUSION AND 
INTERPRETATION OF RESULTS 

Here elaborated four methods provide a well-rounded 
toolkit for a general ligand / DNA interaction study, possible 
to perform by commonly accessible instruments in the 
reasonable time-frame. Spectrophotometric titrations, 
including UV-–Vis and fluorimetric methods, are 
fundamental for quantifying ligand-DNA binding affinities 
and stoichiometries, whereas ircular dichroism (CD) 
spectroscopy supplements this by revealing DNA 
conformational changes and ligand orientation relative to 
the chiral DNA axis, providing clues about binding modes 
while also supporting binding affinity and stoichiometry 
assessments. Thermal denaturation assay, essentially 
independent method to spectrophotometric titrations, 
evaluates how ligand binding stabilizes DNA's structure, 
which correlates with binding stoichiometry and at 
certain conditions may relate to binding affinity. Finally, if 
additional support is needed due to suboptimal 

Table 2. Summary of parameters and here elaborated methods results related to the DNA binding mode of studied ligand.(a) 

 Intercalation(b)   Groove binding Aggregation(c)  Electrostatic binding(f) 

Structural parameters 
(not exclusive, just 

general rule) 

At least two (preferably 
more) flat, condensed 

aromatics, not sterically 
hindered for insertion 

between DNA basepairs. 

Flexible molecule, favourably 
crescent-shaped, often end-
positioned positive charge(s) 

and DNA H-bonding ability 

Two or more aromatics (not 
necessarily condensed), 
hydrophobic, prone to 

aggregate in water >10 µM 

Highly positively 
charged, weakly 

hydrophobic, often 
small or no aromatic 

units 

Spectrophotometric 
titrations 

UV-Vis titration at er < 0.5,  
moderate to strong hypo- 

and bathochromic effect, Ks 
> 105 M–1, n < 0.25,(d) not 
sensitive to ionic strength 

increase 

UV-Vis titration at er < 0.5, 
weak or moderate hypo- and 

bathochromic effect, Ks >  
104 M–1, n < 0.3,(d) weakly 
sensitive to ionic strength 

increase 

UV-Vis titration change at er > 
1, often opposite to r < 0.5,(e) 

strong change of UV spec. 
shape, ev. excimer emission, 

may be sensitive to ionic 
strength 

Weak or no change in 
UV titration, Ks > 104 

M–1 , n < 0.5,(d) 

Circular/Linear 
dichroism 

Weak ICD band rising up to 
r < 0.25,(e) eventual 

decrease of DNA bands 
(245, 260–290 nm) 

Moderate or strong ICD band 
rising up to r < 0.3,(e) weak 

impact of DNA bands 

Bisignate, coupled ICD bands 
starting at r < 0.2,(e)  impact of 

DNA bands 

Commonly non-
descript or no ICD 

bands. Weak to very 
strong (condensation) 
impact on DNA bands 

Thermal denaturation. 
Complementary other 

methods: gDSC 

∆Tm > 3 °C at r = 0.3(e) 
(saturation), often much 

higher. 

∆Tm > 1 °C at er = 0.3 
(saturation), often somewhat 

higher. 

∆Tm as a second transition at r 
> 0.3,(e) (over-saturation), may 
be selectively removed by ionic 

strength increase 

∆Tm = 0 to high, often 
saturation r >> 0.3,(e) 

(up to 1 or 2) 

Indicator 
displacement assay 

(IDA) 

Displaces referent 
intercalator (EB, TO or 

similar) with IDA50 ~ 0.1–2 

Displaces referent groove 
binder (DAPI or similar) with 

IDA50 ~ 0.1–2 

Influenced in IDA experiment 
with referent groove binder 

(DAPI or similar) 

Displaces referent 
polycation (fluo-

tagged spermine or 
similar) 

Other methods(g) Viscometry,[92] EMSA,[93] 
NMR 

Raman (SERS),[94] NMR 
(structure of 

ligand/DNAcomplex)[81] 

NMR(i.e.aggregate 
characterisation prior to DNA-

binding)[85] 

Raman (SERS),[52,94] 
ITC/DSC[95] 

(a) Positive charge is highly favourable for any DNA binder, only few known examples are neutral. 
(b) Valid for classical intercalation, but for partial[8] or threading[9,10] intercalation cold vary. 
(c) Mostly second binding mode accompanying dominant one at excess of DNA (r > 1)(e), could be sensitive to ionic strength increase if electrostatically 

controlled. 
(d) Scatchard ratio n = [bound ligand] / [DNA]. 
(e) r = [ligand] / [DNA]. 
(f) Very sensitive to ionic strength increase (add. NaCl). 
(g) Supporting Information. 
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performace of afore mentioned methods, indicator 
displacement assays (IDA) by use a competitive binding 
approach involving reference dyes and ligands, can help 
affinity estimation and reinforce identification of binding 
sites.  
 These complementary techniques collectively offer 
mechanistic insights into ligand-DNA interactions, 
enabling detailed characterization of binding strength, 
mode, and structural impacts essential for understanding 
DNA recognition and for drug design applications. 
However, proposed methods are based on the indirect 
observation of ligand or DNA spectral properties and thus 
rarely produce detailed information about structure of 
ligand / DNA complex or fine details about 
thermodynamics of complexation. For advanced studies 
of these types, some more elaborate experimental 
methods are shortly listed in Supporting Information. The 
molecular modelling methods, essential for 
understanding in detail ligand / DNA interactions, are out 
of scope of this experiential Tutorial. 
 It is important to note that many ligands are 
composed of multiple structural units, each associated with 
a different DNA-binding mode. For example, intercalators 
are often functionalized with positively charged aliphatic 
chains or minor-groove-binding groups, with the aim of 
particular target recognition or function. The binding such 
hybrid constructs to various DNA can be unpredictable, and 
in some cases, multiple binding modes may coexist. In 
these situations, the methods presented here can still 
provide valuable insights but may not yield a definitive 
conclusion. For such complex cases, additional, less 
commonly used—and often more technically demanding—
methods are available, as summarized in the Supporting 
Information. 
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