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Abstract Isothermal titration calorimetry (ITC) is a well-established technique that
allows the accurate and precise determination of binding equilibrium constants. It
is able to provide detailed thermodynamic description of reacting systems without
the need for van’t Hoff analysis. ITC plays an important role in biology, biochem-
istry and medicinal chemistry, providing researchers with important information on
the structure, stability and functionality of biological and synthetic molecules. This
review demonstrates the power and versatility of ITC in providing accurate, rapid,
and label-free measurement of the thermodynamics of molecular interactions. More-
over, this work focuses on recent studies employing ITC to investigate compounds
of great biotechnological interest.
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1 Introduction

One of the most fundamental processes in biology, defined as molecular recognition,
is the specific binding of molecules driven by noncovalent forces such as of hydrogen
bonds, hydrophobic, van der Waals and charge-charge interactions. Networks of
interacting molecules form intricate biological pathways that regulate all critical
aspects of life, including homeostasis, signal transduction, energy production and
gene expression.

To gain insight into cellular functions, many key-components of these networks,
like proteins, peptides, lipids, carbohydrates and nucleic acids have been identified
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and studied extensively. Over the past 60 years, rapid developments in genomics
and proteomics allowed scientists to collect a large amount of structural information
of ever-increasing detail on these biomolecules and their complexes. As of 2018,
over 137,000 macromolecular structures are accessible via the Protein Data Bank
repository (www.rcsb.org) [1] and new structures are being added every year at an
accelerated rate. Knowledge of spatial orientation and surface complementarity of
biological assemblies has been crucial for the in-depth study of many important
cellular processes, allowing us to make useful connections about specific three-
dimensional architectures and functionality. However, biological recognition is not
governed by structural features alone; to explore fully the binding mechanisms and
expand our understanding of physiological processes at the molecular level, we must
be also able to describe how strongly and how fast the binding components inter-
act. Any effort to modulate cellular activity by therapeutic molecules or bio-inspired
nanomaterials requires a detailed information on the nature of the molecular forces
involved. Thus, a combination of kinetic, structural and thermodynamic data is nec-
essary for a rigorous description of any biological interaction.

Several biophysical techniques, including fluorescence spectroscopy, capillary
electrophoresis, surface plasmon resonance and mass spectroscopy have been suc-
cessfully employed over the years to study noncovalent molecular interactions. The
strengths and weaknesses of the most common techniques in terms of sensitivity,
sample concentration, throughput and ease of use are presented in Table 1. Isother-
mal titration calorimetry (ITC) stands out as a versatile and sensitive method that
allows the rigorous characterization of molecular interactions without any need for
modification or immobilization of the compounds involved.

ITC has near-universal applicability, allowing a non-invasive approach to quantify
binding events in solution. Energy exchange with the environment in the form of heat
is an inherit property of all binding reactions; as a result, the range of interactions that
can be studied by ITC is vast. The most significant advantage of the technique is its
unique ability to provide a model-independent measurement of the binding enthalpy
change (AH,), without the underlying assumptions of van’t Hoff analysis used by
other methods. In addition, with the use of an appropriate reaction model, important
binding parameters including the binding constant (Kj), the binding entropy change
(ASp), the stoichiometry of the interaction (N) and the Gibbs free energy change
(AGy) can be determined from a limited set of experiments and calculations. This
detailed thermodynamic description of the system facilitates the unraveling of the
binding mechanism and the molecular forces governing the binding process.

Up until a few decades ago, only a few custom-made titration calorimeters were
available worldwide, accessible only to pioneers that painstakingly developed meth-
ods and technologies that are still in use today. A prototype model of a titration
calorimeter was presented by Christensen and Izatt in 1968. The sensitivity of the
instrument was not sufficient to study biological interactions; however, the useful-
ness of the technique was demonstrated by measurements of binding enthalpies for
simpler reactions [2]. In 1979, Langerman and Biltonen described instrumentation,
concepts and methods that could be used in the calorimetric study of biological sys-
tems. The first commercially available titration calorimeters, designed specifically
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Table 1 Biophysical techniques commonly used to analyze binding interactions

Technique Advantages | Disadvantages| Daily Affinity References
throughput | range
™M
Surface Small Need for High 103-10"3 [124, 125]
plasmon sample immobiliza-
resonance sizes, real tion,
(SPR) time expensive,
monitoring, | solvent
high interference
sensitivity in signal
Nuclear Reliable, Expensive, Low 103-10° [126, 127]
magnetic high sample size
resonance resolution, restrictions,
(NMR) can provide | large
structural amount of
information | samples
required
Analytical | Small Cannot Low 10°-108 [128, 129]
ultracen- sample detect
trifugation volume, non-specific
(AUC) limited to interactions,
homomeric | long experi-
interactions | mental
times,
expensive
Fluorescence | Measurements| Requires Medium 10*-10'"! [130, 131]
binding in solution, | presence of
assays easy touse, | fluorescent
affordable groups, low
resolution
Capillary Small Limitedto | Low 102-10° [132, 133]
elec- sample low solution
trophoresis | require- ionic
ments, no strength
effect from
impurities
Mass spec- | Low sample | Low affinity | Very high Upto 10° [134,135]
troscopy consump- binders are
tion, high difficult to
resolution, detect,
high sample
sensitivity, desalting is
fast speed of | required,
analysis detergents
are not
tolerated

(continued)
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Table 1 (continued)

Technique Advantages | Disadvantages| Daily Affinity References
throughput range
™M

Isothermal High High con- Low 103-10° [64, 136]
titration sensitivity, centrations,
calorimetry | direct requires
ITC) enthalpy samples of
measure- high purity
ments,
complete
thermody-
namic
profile
acquired, in
solution
measure-
ments

for biomolecular reactions, appeared a decade later [3]. Along with technological
advancements, the sensitivity of titration calorimeters improved drastically. Mod-
ern isothermal titration calorimeters are able to detect very small amounts of heat
and provide quantitative characterization of noncovalent interactions in conditions
resembling those of biological systems.

As any other analytical technique, the use of ITC comes with certain drawbacks.
ITC is a laborious and time-consuming method (low throughput). Compared to other
techniques, it requires high concentrations of sample that needs to be of high purity
(>95%). Despite these limitations, ITC is widely considered as the “gold standard”
for the study of binding interaction. The popularity of the technique is evident by the
number of publications generated each year (Fig. 1), covering disciplines including
biochemistry, biophysics, structural biology, materials science, medicinal chemistry,
supramolecular chemistry and food science.

This chapter aims to demonstrate the power of ITC for characterizing nonco-
valent molecular interactions and to highlight the suitability of the technique for
pharmaceutical and biotechnological applications with selected examples from the
literature.
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2 Basic Concepts, Experimental Procedure and Data
Analysis

2.1 Device Design and Experimental Procedure

Figure 2 shows the basic parts of a typical ITC instrument. Although significant steps
have been made over the years towards scaled-down and ultrasensitive devices, the
operating principles and general design remain unchanged.

Almost all ITC instruments operate in a differential mode. At the center of the
device, symmetrically placed inside a jacket, there are two identical cells made of
a heat-conductive corrosion-resistant metal. The sample cell is the vessel where the
titration occurs, while the other cell serves throughout the experiment as a refer-
ence system with similar thermal behavior. Monitoring thermal fluxes as differential
measurements ensures higher signal sensitivity and faster system responsiveness con-
sequently the concept has been incorporated in most of the commercially available
titration calorimeters. The temperature inside the jacket is constantly kept identical
to that of the cells, functioning as an isothermal enclosure that prohibits any heat
exchange with the environment. A series of thermoelectric sensors are attached to
the cells and constantly provide temperature data to a temperature controller. The
sensors detect temperature changes only in the active cell volume and not in the stem
region that is used to collect the excess volume.

Separate heating and cooling systems in close proximity of the cells modulate
their temperature. Some devices use a passive cooling system, while in other models
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Fig. 2 Schematic representation of a typical isothermal titration calorimeter. Two identical cells
are surrounded by a thermostated jacket that acts as an isothermal enclosure. A syringe is used for
delivering small aliquots of a binding partner and also serves as a stirring device. Thermal sensors
between the cells feed data to a temperature controller that adjusts the power supplied to the heating
units to keep the temperature difference between the cells stable

itis actively adjusted by the temperature controller. Hence, in steady-state conditions,
a certain amount of power needs to be supplied constantly to the cells in order to
keep their temperature constant.

The direct observable in an ITC experiment is the differential power supply
required to maintain the two cells at the same temperature as a function of time.
When the sensors detect a small temperature gradient (AT) between the two cells,
the power supply is properly adjusted to return the temperature back to the desired
value (power compensation). The power supply difference between the two cells is
often called differential power or cell feedback power (CFB). The CFB signal at
the steady state before the injections occur consists the baseline of the titration. The
baseline level can be adjusted by maintaining a small constant temperature difference
(AT ~ 0.005 °C) between the cells. This is important because near-zero CFB values
destabilize the feedback circuit.

Two separate solutions of the reacting species are prepared. The solutions must be
of high purity, known concentration and aggregate-free. The first reactant (titrand) is
placed in the sample cell and the other (titrant) is loaded to the instrument’s syringe.
The syringe is then positioned on the top of the sample cell, with its lower tip
submerged in the titrand solution. The syringe is computer-controlled and it can be
programmed to execute automatically a series of small-volume injections at preset
intervals with high accuracy. In addition, during the experiment, the syringe rotates
at a constant speed, serving as a stirring device to ensure sample homogeneity and
fast thermal equilibration.
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For most applications, the heat capacity of the sample cell is effectively matched
by filling the reference cell with deionized water. Filling the cell with the titration
buffer is often avoided for cleaning purposes, without any measurable effect on data
quality. However, in cases where the reacting solutions contain significant amounts
of organic compounds, the reference cell should be filled with an identical solvent.
The reference cell solution should be frequently replaced (i.e. every week), especially
when working at higher-than-room temperatures.

The injection of solution into the sample cell is accompanied by a heat flow
that tends to change the temperature of the sample cell. The heat sensors detect the
imbalance and the feedback circuit minimizes the temperature difference between
the cells by a proper adjustment of the power supply. Heat-generating reactions
will reduce the power feed to the cells, while heat-absorbing reactions will result in
an increased power feedback, until a new equilibrium is reached. The recorded heat
change is proportional to the number of complex molecules formed after the injection.
As the titration progresses, the number of binding sites that are available to the titrant
isreduced. As aresult, the observed heat effect becomes smaller with each subsequent
injection until nearly all binding sites are occupied. After this saturation point is
reached, only a small heat signal from mixing, dilution and friction phenomena is
observed. The raw data of an ITC experiment is the plot of the CFB signal as a
function of time, from the initial steady state to the end of the titration. This plot is
the so-called thermogram of an ITC measurement (Fig. 3a).

ITC measurements are based on the first law of thermodynamics, which states that
the change in the internal energy (AU) of a reacting system is equal to the difference
between the total heat exchanged (Q) with its surroundings and the amount of work
done by the system (W):

AU=Q-W (1)

In an ITC experiment, the reaction takes place at constant pressure (atmospheric
pressure) and volume (active cell volume) and as a result, the total work is zero.
Hence, for systems analyzed by ITC, it can be concluded that AU = Q. For isobaric
processes, AU is also equal to the total enthalpy change of the system (AH):

AU = AH 2)

In this fashion, by measuring the total heat exchange for a given titration we
can directly measure the enthalpy change of the occurring reaction without prior
assumptions for the binding mechanism.

Measuring the binding enthalpy change of noncovalent interactions is not a trivial
task. Noncovalent bonds are intrinsically weak, typically associated with total heat
changes in the range of 4-20 kJ/mol upon formation. To make things even more
challenging, during a titration experiment this small amount of heat is released or
absorbed gradually. Nevertheless, modern ITC instruments are sensitive enough to
detect changes of heat as small as 100 nJ.
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Before the development of ITC, the only approach to calculate AHy, was to mea-
sure the binding constant of an interaction with a convenient method at several
temperatures and then use the well-known van’t Hoff equation:

dlnK AH
(55) - 5
r J, RT

where Ky is the equilibrium constant, T is the absolute temperature and R is the gas
constant. Although in theory the calorimetric and van’t Hoff enthalpies are equivalent,
there are reports of significant discrepancies for some systems [4-9].

2.2 Design of an ITC Experiment

To take full advantage of ITC as a powerful technique to investigate molecular inter-
actions, solid experimental design and careful data analysis is required. There is
no universal protocol for ITC measurements; for optimal results, each experimen-
tal setup should be based on the thermodynamic characteristics of the investigated
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system. In this section, we will present some general guidelines for a successful
titration.

Selection of concentrations: The shape of the thermogram depends on both the
Ky and the concentration of binding sites in the sample cell and can be described by
the so-called Wiseman parameter (c) [3]:

¢ =N-[Al - Ko S

where N is the stoichiometry of the reaction (number of titrant molecules bound
to one molecule of titrand when full saturation is reached) and [A] is the titrand
concentration in the sample cell. The parameter c is dimensionless and can be used to
determine the ideal concentrations for an ITC experiment. The ¢ value of the reacting
system is very important for an accurate determination of the binding constant. Very
small ¢ values lead to almost linear binding isotherms with poor AHy, or K, resolution.
On the other hand, large c values will result in step-like curves that cannot be used for
Ky estimations. Moreover, for system with very high affinity, optimal concentrations
will be so low that the heat produced will be lower than the sensitivity threshold of
the instruments. For that reason, the largest binding constant that can be determined
directly by an ITC experiment is around 10° M~

Experience shows that selection of a ¢ value between 5 and 50 leads to more
accurate results. For interactions of known K}, and N the following inequality can be
used to determine the optimal concentration range of the titrand:

5 Al < 50
N-K,~ "~ N-K,

®)

For interactions of unknown Ky and N, an initial titration under the assumptions
N = 1 and K, = 10> M~! is designed and then the protocol is corrected based on
the results of the experiment. Once the concentration of the titrand is selected, the
following equation is typically used for calculating the titrant concentration in the
syringe ([T]syr):

[T]syr =15-N: [A]i (6)

Frequently, the intrinsic properties of the reacting species (i.e. low solubility, self-
association etc.) or sample availability issues are prohibiting factors for working in
the optimal range of concentrations. In this case, Eq. 5 is used for determining the
concentrations based on the limitations imposed by the system.

The analysis of low ¢ value systems is still possible if certain conditions are met.
Turnbull and Daranas [10] demonstrated that it possible to extract meaningful data
from systems of ¢ < 1 by using a fixed N value when fitting the data to a binding model.
This requires former knowledge of N, which can be provided by other methods or
by the nature of the reaction in study. Sophisticated ITC protocols have also been
developed for the indirect analysis of systems with ¢ > 1000 or c < 1 [11-14].
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In any case, for reliable measurements, the selected concentrations should produce
heat signals of at least 35 cal for the larger peaks of the titration. The accuracy of
the ITC-derived parameters directly depends on how well the concentrations of the
reacting species are determined. Hence, it is advisable to verify the concentrations
used with an appropriate analytical method (i.e. UV/Vis absorbance).

Selection of injection sequence: In a conventional ITC experiment, the titrant
solution is added to the reaction vessel in a stepwise manner as a sequence of small-
volume injections; this approach ensures a strict control of the reactant concentrations
in the cell for each point of the titration. Before an ITC measurement begin, the user
must select the total number of injections, the time distance between two consecutive
injections as well as the volume and duration of each injection.

The number of injections is equal to the number of points that can be fitted to
an appropriate thermodynamic model. A common misconception is that one must
have as many points as possible for better fitting results; by increasing the number of
injections, one divides the finite amount of reaction heat into smaller and smaller por-
tions, a practice that eventually leads to larger uncertainties and poor reproducibility.
Tellinghuisen [15] provided a compelling case and mathematical foundation for using
no more than 10 injections for standard ITC titrations. However, 20-25 injections is
still the norm for most experiments.

Typical injection volumes range from 1 to 15 L. Smaller injection volumes are
inaccurate and significantly affected from the unavoidable diffusion of the titrant
solution in the sample cell [16]. Larger injection volumes must be of very long dura-
tion to allow thermal equilibration of the sample cell solution before it is displaced
from it as excess volume.

The duration of each injection depends on the injected volume and it should be
such that proper mixing is achieved before significant volume displacements. On
the other hand, injections with extremely long duration times suffer from titrant
diffusion and the measured heat effect is underestimated. Consequently, a balancing
act is required; for most reactions, 1-2 s duration for each wL of solution delivered
will give reproducible results.

The time distance between two consecutive injections must be long enough to
allow the occurring reaction to reach an equilibrium state and for the CFB signal
to return to baseline levels. Typical spacing between injections is 300 s, while for
reactions with very slow kinetics the waiting time can be longer than 600 s. Special
attention is needed for systems with multiple binding sites that exhibit negative
cooperativity. In these reactions, the binding process is slower at the middle of the
experiment than at the beginning of it and the time distance needs to be adjusted
accordingly.

The number of injections and the equilibration time between injections define
the duration of the ITC experiment. A typical 20-injections titration with 300 s
intervals between injections needs approximately two hours to finish (including the
pre-titration equilibration period of the instrument).

A common problem in ITC experiments is that the first injection systematically
produces a smaller than expected heat change (see Fig. 3, first injection). The pre-
vailing explanation is that this phenomenon stems from the passive diffusion of the
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titrant during the long equilibration phase (>15 min) that precedes the injection
sequence; however, it has been suggested that mechanical issues from the automated
syringe motor could also give rise to this effect [17]. To circumvent this problem, it
is common practice to include a small 1-p.L injection at the beginning of the titration
and then exclude the first point from data analysis.

An alternative approach that can be used in place of the conventional sequence
of injections method is to deliver the syringe solution by a single continuous slow
titration. The main advantage of this method is the increase rate of data acquisition,
that significantly reduces the duration of the experiment and leads to more points in
the binding isotherm for non-linear regression [18].

Selection of buffer and solution preparation: Buffer selection is very important,
as it can have a significant effect on the ITC thermogram. Whenever the complex
formation is accompanied by protonation or deprotonation of the reacting species,
an equivalent number of will have to be taken up or released by the buffer to maintain
the pH of the solution stable. This buffer activity is coupled to the binding reaction
and will have a measurable heat effect (Q;o,), which depends only on the number
of protons (n,) exchanged per mole of titrant bound and the ionization enthalpy of
the buffer (AH;,,). The net heat change of the binding reaction (Qping) can then be
calculated from the experimentally determined heat (Qcyp) by the following equation:

Qbind = Qexp - (AHion . np) (7)

Due to the complexity of the interactions, the n, term is seldom known a priori.
However, it can be calculated by repeating the binding experiment a few times in
buffers with different ionization enthalpies; the collected Qe data are then plotted
versus the AHjq, of the buffer and fitted linearly to Eq. 7 to estimate both Qping and n,
(Fig. 4). Knowledge of n,, can be very useful for molecular simulations of the binding
reaction, especially in cases where no structural information is available. Moreover,
buffer effects can be exploited to amplify the heat signal of a weak interaction by
selecting a buffer with large ionization enthalpy. Nonetheless, for most titrations, a
buffer with small ionization enthalpy (AH;,, & 0) should be selected to avoid this
kind of thermal interference. The ionization enthalpies and other important thermo-
dynamic data for many buffer systems are readily available from previous studies [19,
20]. Table 2 contains ionization enthalpies and heat capacity changes for common
biological buffers.

Mixing of solutions with very different chemical compositions can generate large
heat signals of mixing or dilution that will mask any heat produced by a binding reac-
tion. To minimize such heat signals, the buffer of the titrant and the titrand solutions
should be identical in every aspect (pH, ionic strength, concentration, presence of
co-solvents etc.). Hence, it is advisable to dialyze exhaustively the samples against
large volumes of buffer or to directly dissolve them using a buffer solution of the
same batch. To acquire data of high quality, the purity of samples must be higher
than 95%. If a reducing agent must be added in the buffer, it is preferable to use
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Fig. 4 Binding enthalpy (AHy) versus buffer ionization enthalpy (AHje,) plot (O) for the the
titration of 10 mM of CaCl, (syringe) into 1 mM of EDTA (cell) at 25 °C in the following buffers:
Tris (AHjon = 47.5 kJ/mol), MOPS (AHjo, = 21.1 kJ/mol), PIPES (AH;o, = 11.2 kJ/mol), MES
(AHjon = 14.8 kJ/mol), acetate (AH;on, = —0.4 kJ/mol) and HEPES (AH;,, = 20.4 kJ/mol). The
intercept of the linear fit (---) is 0.39 £ 1.7 kJ/mol and the slope is —1.1 &+ 0.1 (R2 =0.98)

Table 2 Thermodynamic quantities for the ionization reactions of common buffers in water at T
=298.15 K and p =0.1 MPa[19, 20]

Buffer Equilibrium pKa AH° (k] mol~1) Arc;’, @ mol~! K1)

HEPES HL* = H*+L", 7.6 20.4 47
(HL: CgH;gN»04S)

Borate H;BO; = 9.2 13.8 ~—240
H* + H,BO3

Acetate HL = H*+L", 48 —0.4 —142
(HL: C,H403)

MES HL* =@ H*+L", 6.3 14.8 5
(HLI C6H13NO4S)

MOPS HL* =2 H*+L", 7.2 21.1 25
(HL: C7H;5NO4S)

PIPES HL* = H* +L", 7.1 112 22
(HL: CgH§N206S2)

Tris HL* =@ H* +L, (HL: |8.1 475 59
C4H1NO3)

Phosphate H,PO; = 7.2 3.6 230
H* + HPO;

A;H? is the enthalpy of ionization and ArC; is the corresponding heat capacity change
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low concentrations of mercaptoethanol or tris(2-carboxyethyl)phosphine (TCEP),
instead of dithiothreitol (DTT).

Before loading the samples for an ITC experiment, it important to thoroughly
degass the solutions using a suitable vacuum chamber. Introduction of small air
bubbles into the cell can generate a noisy power baseline and spurious heat signals
that will affect the overall quality of the measurement. For the same reason, both
solutions should be filtered or centrifuged to remove any precipitated material before
filling the cell or the syringe. In case there is some precipitation, after the removal
of the aggregates the concentration of the sample must be corrected.

Solution Placement: Another decision that needs to be made when designing an
ITC experiment is to select which solution will be loaded in the syringe and which
in the sample cell. Routinely, the compound with the lower molecular weight is
filled the syringe and the larger compound is placed in the cell. Nevertheless, this
is not always the optimal configuration for an ITC experiment; if a compound with
significant population of oligomers is placed in the syringe, it will dissociate when
diluted in the sample cell and will introduce an additional heat effect to the binding
isotherm (dissociation heat). Considering that the cell solution is diluted to a lesser
degree (around 20%), loading this compound in the cell is preferable in order to
minimize these kind of heat contributions.

Another factor that can force the decision of solution placements is the concen-
trations needed for the titration. If there are solubility or availability issues with a
specific sample, it is better to load it in the cell, where typically the concentration
requirements are much lower than those needed for the syringe solution.

Selection of Temperature: The ITC’s temperature operating range is 2—80 °C. The
experimental temperature should be selected based on the properties of the system. If
there are no system-specific requirements, the most common titration temperatures
selected are 25 and ~37 °C. In general, AGy, ASy, AH, and Ky, exhibit tempera-
ture dependence and caution is required when comparing results from titrations at
different experimental temperatures.

2.3 Experimental Results and Data Analysis

2.3.1 Raw Data Treatment

The experimentally determined heats of the binding isotherm (DQjjration) Unavoid-
ably include heat contributions from the dilution of both the titrant and sample cell
solutions, which need to be separated from the actual heat generated by the inter-
action (DQyeaction)- TO achieve this, a series of control measurements is required:
the dilution heat for the titrant (DQyjiran), usually the most significant contribution,
can be determined by replacing the sample cell solution with buffer and repeating
the titration following the same protocol with the initial experiment. Likewise, the
dilution heat of the titrand (DQtrang) 1S estimated by another experiment in which
the syringe solution is the one replaced with buffer. For a thorough analysis, a final
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titration in which buffer is injected into buffer is used for calculating the buffer dilu-
tion heat (DQpufter). The DQpufrer term arises from temperature differences between
the syringe and the cell as well as friction heat from stirring and it can be considered
as an instrument blank. The heat data from this set of titrations are used to correct
the final binding isotherm of the reaction according to the following equation:

DQreaction = DQtitralion - DQtitrant -D Qtitrand + DQbuffer (8)

The term DQputrer is added and not subtracted because buffer dilution heat is
already included in both DQjyan¢ and DQyiyrang terms and it is removed twice from
DQitration. For most reactions, the dilution heats of the titrand and the buffer are
negligible and the corresponding control experiments are often omitted. Then, Eq. 8
is reduced to the equation:

DQreaction = DQtitration - DQtitrant )

If the titrant is available in limited quantities or is too valuable to be used for a
control experiment, it is possible to estimate the DQyjane term from the final binding
isotherm points of a fully saturated system. After the point of saturation is reached,
any heat released upon injection is in essence the dilution heat of the titrant (DQyeaction
~ (). A linear fit of these last few points in the binding isotherm will provide a
good approximation of DQyjiane. However, it is strongly recommended to collect all
necessary control experiments prior to data analysis for a more accurate calculation
of the thermodynamic parameters.

2.3.2 Conversion of Raw Data to a Binding Isotherm

In an ideal situation, where the reacting system is always in thermal and thermody-
namic equilibrium without any mechanical or electrical interference, the instrument’s
power baseline will always be constant. However, in reality the power baseline will
always exhibits some drift and background noise. A very important step for calcu-
lating the binding isotherm from raw ITC data is to define the power baseline of the
experiment. The baseline trace cannot be determined by a separate experiment and
it is only intermittently observed in the thermogram. Hence, the parts of the baseline
that are disrupted by the injection sequence must be extrapolated, a process that intro-
duces a certain degree of ambiguity and affects the precision of the measurements
[21]. Baseline approximations are generated automatically by the data analysis soft-
ware provided by the device manufacturer and can be manually corrected if deemed
necessary.

The heat change associated with each injection is calculated from the thermogram
by integration of the area between the baseline and the corresponding CFB trace with
respect to time. The lower time bound for the integration is a few seconds before the
injection begins and the upper bound is a few seconds before the next injection is
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made. Each injection heat change is normalized as heat change per mole of titrant
and plotted against the ratio of titrant to titrand concentrations in the active volume
(molar ratio). The resulting curve is known as the binding isotherm of the titration
(Fig. 3b).

2.3.3 Equilibrium Binding Models for ITC Data Analysis

The binding constant, binding enthalpy and stoichiometry of the interaction are deter-
mined by the best fit of the experimental data to an appropriate binding model. The
equations describing these models derive from the law of mass action, based on
the assumptions made for the binding mechanism and the equilibria involved. The
dependent variable (i.e. heat change per injection) is expressed as a function of an
independent variable (i.e. moles of titrant added) and the corresponding thermody-
namic parameters (e.g. Ky, N and AHy). The chosen model should be as simple as
possible and compatible with the intrinsic properties of the system in study.

The fitting of a binding isotherm is an iterative process. At first, initial assump-
tions are made for the value of the fitted parameters. Based on these values, a curve
is generated and compared to the experimental data. The deviation between experi-
mental data and the curve is calculated and a suitable algorithm is used to adjust the
value of the parameters in order to minimize the error. This procedure is repeated
enough times until no further minimization is possible.

The simplest binding reaction is that of an analyte (A) with one available binding
site, interacting with free titrant molecules (T) to form a stable complex (AT).

A+T& AT

The equilibrium association constant or binding constant (Ky) of the interaction
is:
[AT]

K, =
"7 IAIT]

(10)

where [A], [T] and [AT] are the concentrations of the corresponding species in
the sample cell. Often, in biochemical or pharmacological studies, the reciprocally
related dissociation constant (Ky) is used instead of Ky, (K, = 1/Ky). The dimension
of Ky is M~ 1.

If Q is the measured total heat change for the binding reaction (experimental
observable), V is the active volume, [A]y is the total titrand concentration, [A] is
the unbound titrand concentration and [AT] is the concentration of the complex in
the sample cell, then we have:

[Alior = [A] + [AT] (1)

and
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Eq.10 d Eq.11
Q = AH, -V - [AT] == AH), -V - [Alyr - — 22

(12)

tot g 4Ky [T]

If the analyte has N identical binding sites, then Eq. 11 can be rewritten in the
form:

0= AH, V- [Aly - Kol (13)
o O T+ K, IT]
In cases where the analyte contains N independent binding sites, each with differ-

ent binding enthalpy (A H}), binding constant (K}) and stoichiometry (N'), Eq. 12
is transformed to the following equation:

N

Q=V-[Alg- Y.

1

N'-K}[T]- AH]

1+K][T] (14)

In order to be able to use these equations for nonlinear regression, we must deter-
mine the concentration of the unbound titrant in the active volume [T], at each point
of the titration.

For systems with one binding site (N = 1):

[Tl = [T]+ [AT] 15)

where [T]y is the total concentration of the titrant injected in the sample cell. The
combination of Egs. 10, 11 and 15 leads to:

[AT] + (—[Aliot — [Tlot — 1/Kp)[AT] + [Alg; - [Thor = 0
or equivalently:
[AT]P +b-[AT]+c =0 (16)

where b = —[Alot — [Tlot — /Ky and ¢ = [Alior + [Tlior- The solution of Eq. 15 is
then:

—h — 2 __
[AT] = 2= Vb e ;’4(’ (17)

For systems with multiple identical binding sites (N > 1), K}, is equal to:

[AT]
Ky = (18)
([Alor - N = [AT]) - [T]

Following a similar logic, we get to a solution identical to that of Eq. 17, with the
following c and b values:
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b= —N-[Alo — [Tho - I/Kpandc =N - [Aioq * [Tlior-

Parameter ¢ in both cases is equal to the Wiseman parameter of the system.
Once [T] is determined, the experimental data can be fitted to Eq. 12 or 13. All
concentration-dependent parameters are normalized per mole of injectant. If the
thermodynamic data need to be presented in respect to the sample cell compound,
then the analysis model must be modified accordingly [22].

The binding models described above are adequate for analyzing simple binding
reactions. However, in some cases the nature of the reacting systems requires a differ-
ent thermodynamic description. Binding models for complex interactions, including
three independent set of sites [23], competitive binding [11, 12], multiple interactive
binding sites [24], dimer dissociation [25] and combinations of them [26] are avail-
able in the literature. Model-free methodologies that utilize binding polynomials for
the analysis of ITC data have also been described [27, 28].

Frequently, different binding models produce similar binding isotherms, making
difficult to discriminate binding mechanisms. A useful test for the validity of the
chosen binding model will be to repeat a second titration with reverse solution place-
ment. If the model is correct, the calculated thermodynamic parameters from the two
titrations should be the same [29].

2.3.4 Thermodynamics of Noncovalent Interactions

The measurement of binding affinity allows the calculation of the Gibbs free energy
change of the interaction (AGy) using the equation:

AGy = —RT InK, (19)

AGy is theresult of structural and energy differences between free and bound states
for all reacting species. A reaction under thermodynamic control will spontaneously
proceed to the direction in which AG, < 0, until a thermodynamic equilibrium
is reached. When analyzed to enthalpic and entropic contributions (AG, = AH,
— TASy), AGy, can provide additional information for the binding interaction. The
binding enthalpy change (AH,,) reflects variations on the interactions of all the atoms
participating in the reacting system [30]. AHy, is the net result of the formation,
disruption and destruction of many individual bonds; when the system gains energy
through increased bonding, we have release of heat to the environment and a negative
enthalpy change for the interaction (AHy, < 0). The reaction is then termed exothermic
and the observed AH,, is considered favorable, since it makes AG, more negative.
Analogously, when AHy, >0, we have decreased bonding when the complex is formed
with a contemporary uptake of energy from the surrounding in the form of heat;
the reaction is then described as endothermic and the observed AH,, is considered
unfavorable.
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Fig. 5 Binding enthalpy
versus temperature plot for
the binding oxacillin to
octakis(6-(2-
aminoethylthio)-6-deoxy)-y-
cyclodextrin [123] at 288.15,
298.15 and 309.75 K.
Dashed line represents the fit
of the data to a simple linear
model of the form: AHy(T)
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0.11 = 0.02 kJ/mol K, AH®
= —45.76 &+ 7.56 kJ/mol)

12k 0 i

Binding Enthalpy (kJ/mol)

290 300 310
Temperature (K)

The binding entropy change (ASy) is associated with changes in the order of
the system. In general, a strongly interacting system tends to be more ordered than
a weakly interacting system. Positive AS,, (increased disorder) leads to even more
negative AGy, and it is favorable for the interaction. Parallel to AH,, ASy, represents
the sum of many positive or negative contributions: i.e., a positive solvation entropy
change is associated with the burial on non-polar groups from the solvent, while con-
formational entropy penalties arise from the unavoidable loss of degrees of freedom
upon complex formation. Additional contributions to the binding entropy change
stem from the burial of polar surfaces and release of organized water molecules to
the bulk [31].

Interactions with AHy, as the most significant contribution towards a negative
AGy are considered as enthalpy-driven, while interactions with a dominant entropic
term are described as entropy-driven.

It is already described how ITC can directly measure the binding enthalpy of a
given reaction at a specific temperature. If this process is repeated over a temperature
range, the heat capacity change under constant pressure (ACp, of the interaction can
be determined, based on the following equation:

AHy(T) = AHp(Tp) + AC, - (T —Tp) (20)

where T is an appropriate reference temperature. Consequently, if AHj, is plotted
against temperature for a series of measurements and fitted using a linear model, the
slope of the best fit will correspond to the AC,, of the system (Fig. 5). The use of
Eq. 20 implies that AC,, is constant within the temperature range of the experiments.
AC, measures differences in the ability of the solution to absorb heat, reflecting
changes in the molecular level on the order and structure of the system in study.
The fact that many reactions are accompanied by large changes in AC, may
have some practical implications for ITC experiments. For these systems, there is a
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temperature range where AHy, will be very small or zero. Consequently, no heat will
be detected by the calorimeter. For this reason, in cases where no reaction is observed
although it is expected, it is advisable to repeat the experiment at a new experimental
temperature that differs at least 10—15 °C to that of the original experiment.

Heat capacity changes are of particular interest in the case of protein-protein and
protein-peptide interactions. It has been established that there is a strong correlation
between AC;, and the surface area screened from the solvent upon complex formation
[32, 33].

Many noncovalent interactions are accompanied by characteristic changes in
enthalpy, entropy and heat capacity that make them distinguishable from other heat-
generating phenomena. These “thermodynamic signatures” are extremely useful for
the interpretation of ITC data, by providing insight to the driving forces and mecha-
nism of the interaction [34—40]. The thermodynamic profile of various processes is
discussed below.

Hydrogen Bonds: Hydrogen bonds are very important for all processes involving
aqueous solutions. Although weaker than covalent bonds, hydrogen bonds play a
critical role in the stability, conformation and function of many molecular assem-
blies [41]. In solution, compounds with solvent-exposed hydrogen bonding groups
interact with water molecules in their surroundings. When two molecules interact
by forming hydrogen bonds at their binding interface, an equal number of hydrogen
bonds with water molecules will have to be broken. Considering that hydrogen bonds
are relatively weak and have more or less the same energy (around 20 kJ/mol), only a
small change is observed in binding enthalpy. The properties of the hydrogen bond-
ing groups and the solvent before and after the formation of the complex dictate the
magnitude of the enthalpy change. Despite their small enthalpic contribution, hydro-
gen bonds significantly enhance the selectivity and affinity of interactions, with a
single bond often leading to a 10- to 1000-fold increase in Ky, [42].

Hydrophobic Interactions: By the term hydrophobic interaction, we describe the
tendency of non-polar groups to aggregate in aqueous solutions to minimize their con-
tact with the solvent. Non-polar surfaces exposed to the solvent cannot form hydrogen
bonds with the surrounding water molecules. Consequently, water molecules near
hydrophobic areas tend to make stronger hydrogen bonds among themselves, cre-
ating regions of “structured” water around them. Hiding non-polar surfaces from
water leads to release of these organized molecules back to bulk solvent, a process
characterized by a small enthalpy change (AHy, ~ 0), a large favorable entropic term
(-TAS;, < 0) and a negative contribution to heat capacity change (AC, <0) [43—46].

Electrostatic Interactions: Electrostatic forces originate from coulombic interac-
tions among polar and charged chemical groups. The strength of these interactions is
determined by the dielectric constant of the binding interface and the inverse distance
between the charges. Electrostatic interactions in general are entropically driven pro-
cesses, with a small binding enthalpy change [47]. The entropic gain originates from
the release of water molecules solvating the charged groups. Electrostatic interac-
tions have a varying effect on AC,,. Naturally, electrostatic interactions do not exhibit
any binding specificity or selectivity.
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Enthalpy-Entropy Compensation: Molecular interactions often yield compensat-
ing changes for -TASy, and AH, terms with no significant effect on AGy, (Fig. 6).
This effect, better known as enthalpy-entropy compensation, makes hard to predict
the effect of noncovalent interactions on binding affinity. This phenomenon is not
limited in aqueous solutions and it appears be a universal property of systems sta-
bilized by interconnecting networks of weak interactions [48—52]. The origin of the
enthalpy-entropy compensation effect is a subject of debate for decades. The fact
that both enthalpic and entropic contributions are controlled by AC, may provide a
mechanism for this correlation [53].

Thermodynamic parameters and structural changes: Empirical equations con-
necting important thermodynamic parameters (AHp, ASy, and AC,) with structural
changes, based on protein folding/unfolding studies have been described in the liter-
ature [34, 54-56]. It was expected that these equations would have general use since
molecular interactions are based on the same noncovalent forces. However, their
applicability beyond protein-protein interactions is questionable, especially when
the binding surface is relatively small [53]. Therefore, extreme caution is needed
for the use of structural data to predict thermodynamic parameters and vice versa
[57, 58]. The collection of thermodynamic data for interactions of pharmaceutical
interest will eventually allow the development of similar equations for the binding
of small ligands, a task of great importance for structure-based rational drug design
[29, 59, 60].

3 Applications

ITC was originally developed to study the interactions of proteins and other biological
macromolecules with small ligands. The number of protein-protein and protein-
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Fig. 7 Scientific articles
containing isothermal
titration calorimetry data in
2107, categorized in fields of
research. Protein chemistry
still dominates the number of
publications (362), although
the number of articles for
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ligand interactions that have been investigated by ITC is truly impressive and there
is a plethora of excellent reviews that summarize the most important methods and
findings [61-68].

Even today, the majority of ITC-related publications still involve the study of
protein interactions (Fig. 7). However, new application fields and protocols have
emerged over the last decade to include the study of surfactant demicellization [69],
membrane partitioning [70], food chemistry reactions [71, 72], antimicrobial agents
[73, 74], degradation of pollutants [75] and enzyme kinetics [76—79]. In this section,
we describe the advantages of including ITC in the drug optimization process and
demonstrate the power of the technique for the characterization of novel drug delivery
systems, nanomaterials and supramolecular assemblies.

3.1 The Value of ITC in Rational Drug Design

The development of a new drug is a laborious multi-step process which can take
1215 years to complete with a total cost that often exceeds the $1,000,000,000
mark [80]. The first step in drug design is to identify ligands that exhibit affinity
for a specific target of interest. This task is accomplished by screening compound
libraries, often containing thousands of molecules, against a drug target of interest.
Typically, initial hits involve compounds that bind with micromolar or even weaker
dissociation constants (lead compounds). However, nanomolar and sub-nanomolar
range affinities are necessary for the clinical use of a therapeutic compound. In addi-
tion, a successful drug should satisfy a wide range of physicochemical requirements,
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Fig. 8 Thermodynamic
profiles for three different
interactions with identical
binding affinities. Interaction
1 has favorable enthalpic and
entropic contributions;
interaction 2 is an
enthalpy-driven process and
interaction 3 is an
entropy-driven process. Blue
bars represent the Gibbs free
energy change (AGy); green
bars (AHp) represent the
binding enthalpy and red
bars represent the
contribution of the entropic
term (-TASp)
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including binding selectivity, low toxicity, high solubility, membrane permeability
etc. Therefore, the next step involves chemical optimization of the initial lead candi-
dates for the development of molecules with a suitable pharmacokinetic profile (drug
candidates).

Binding affinity is directly related to the free energy change of the interaction
(Eq. 19). Therefore, different combinations of AH;, and ASy, contributions can result
in identical binding affinities (Fig. 8). Enthalpic contributions in general provide a
measure of the numerous noncovalent bonds (van der Waals, H-bonds, salt bridges
etc.) created or destroyed at the binding interface upon complex formation. In a
similar manner, the entropic term is the net effect of various smaller contributions:
solvation entropy change is associated with the burial on non-polar groups from the
solvent, while conformational entropy penalties arise from the unavoidable loss of
degrees of freedom upon complex formation. Another phenomenon linked with the
total entropy change is the burial of polar surfaces and release of organized water
molecules from the hydration layer to the bulk [31]. Consequently, the thermody-
namic signature of a binding event can provide valuable insight to the molecular
mechanisms involved in the association. Enthalpy-driven interactions are based on
the formation of stabilizing forces between chemical groups and complementary
surfaces while entropy-driven interactions are dominated by the hydrophobic effect.
Obviously, high binding affinity is achieved only when both enthalpic and entropic
contributions are favorable [81]. As a result, the analysis of binding affinity in terms
of enthalpy and entropy can be used to identify the best lead compounds among
molecules with similar binding constants and to provide useful guidelines for the
chemical alterations that would improve their effectiveness.

Even when detailed structural and thermodynamic data are available, lead opti-
mization is a common bottleneck in drug development that many projects fail to
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overcome [81]. For example, the binding affinity of a compound for a hydrophobic
binding pocket can be theoretically increased by introducing non-polar groups to its
structure. However, this modification would decrease the solubility of compound and
could have a negative effect on the surface complementarity and binding orientation
of the molecule, leading to sub-optimal affinities. Therefore, a delicate balance of
forces must be achieved for fabricating therapeutic agents with the desired set of
properties.

ITC can be directly used to identify lead compounds by monitoring their affinity
(Kp) for specific binding sites of interest. Furthermore, the thermodynamic signa-
ture (N, AHp, ASy, AC,) of these interactions provides additional information on
the complexation mechanism, which can be further exploited for the rational design
of new compounds with optimized physicochemical characteristics. Describing an
interaction not only in terms of affinity but in terms of AHj, as well is extremely help-
ful for identifying the most promising positive hits from a large collection of success-
fully screened compounds. Large favorable AH, is a difficult optimization task that
includes good shape complementarity, increased number of stabilizing bonds in the
binding site interface and proper orientation of interacting groups. The ability to cull
compounds that already exhibit large favorable AH}, can accelerate the optimization
process considerably [60].

As mentioned previously, the effectiveness of a therapeutic molecule hinges on
more than one properties. Naturally, a good drug should show high affinity for its
target, but it should also be able to interact with serum proteins or biological mem-
branes for an effective delivery to the site of interest. ITC can be employed to monitor
these interactions as well. Another distinct advantage of the technique is the ability
to measure accurately the stoichiometry of a binding interaction. Exact knowledge
of N is an excellent method to monitor the effectiveness of a purification process
or to assess sample consistency between batches. The ITC-derived stoichiometry is
based on the “active” and not the total concentration of the reactants and therefore
can be utilized as a sensitive quality indicator.

One of the main disadvantages for the use of ITC in drug development was
the low throughput of the technique. Until recently, ITC was able to screen only
5-8 compounds on a daily basis, following protocols that required manual cleaning
and loading of the device between experiments. However, technical advancements
allowed the development of highly sophisticated instruments and the throughput of
the technique was considerably increased. Nowadays, new instruments allow the
conduct of 100 experiments per week by automated processes that require even
smaller sample volumes [82]. Furthermore, advanced ITC protocols are now available
for identifying unknown target proteins from a mixture of biomolecules for a given
drug or a lead compound [83]. Although ITC is still a low throughput technique and
not suitable as a primary screening method, it provides information-rich data that are
invaluable for the identification and optimization of the most promising compounds.
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3.2 Nanoparticle-Protein Interactions

The field of biotechnology has broadened considerably over the last decade, to include
a wide range of novel nanomaterials to the traditional arsenal of lipid-based and
polymer-based systems discuss above [84]. One of the most notable new approaches
is the use of nanoparticles (NPs) for the development of bio-reactive assemblies with
controlled surface characteristics.

Nanoparticles offer considerable scalability and versatility for the development of
novel materials for problem-specific applications. Similar in size (<100 nm) to many
biological components, their functionality can be exploited to control processes at
the cellular level. However, their ability to penetrate cells and organelles can also
be hazardous [85]. Hence, a deeper understanding of nanoparticle interactions with
respect to their intrinsic properties is crucial in their design, applications and safe
handling.

In principle, when introduced to biological fluids, NPs with the appropriate func-
tionality will be able to readily interact with biomolecules due to their small dimen-
sions and large surface-to-mass ratio. Since the absorbed biomolecules are mainly
proteins, the term protein corona is often used to describe such complexes [86]. The
corona composition is based on a dynamic equilibrium between the NP and the sur-
roundings. When a NP is introduced to a new environment, the composition of the
corona will change until a new equilibrium state is reached. Typical protein coronas
in human plasma are consisted of proteins such as albumins, apolipoproteins and
immunoglobins [87].

In parallel to many biological interfaces, the absorption of biomolecules to the
nanoparticles surface is facilitated by several “weak™ noncovalent forces such as
van der Waals interactions, solvation effects, hydrogen bonds etc. As a result, the
mechanism of the interaction depends on both the physicochemical properties of the
reactants and the medium [88]. The release of the absorbed molecules can be achieved
by disruption stabilizing forces between the nanoparticle and the compound, i.e. by
changes in the pH or the ionic strength of the solution [89].

The absorption of biomolecules to the NP surface can promote the transloca-
tion of the assembly across membranes to specific cellular targets. On the other
hand, absorption forces can also induce conformation changes to proteins, affecting
the overall reactivity of the complex or even triggering immune system responses
[90]. These adverse effects highlight the need to for a better understanding of the
molecular mechanisms involved in NP interactions in order to engineer bio-reacting
nanomaterials for future applications.

Absorbed serum proteins by functionalized NPs are frequently used as a model
system to gain insight to the dynamics and energetics of such interactions. ITC is
one of the few analytical methods that can provide detail information on NP-protein
interactions and it has been used for the study a number of NP-protein systems.

Cedervall et al. [91] employed ITC to investigate the interaction of human serum
albumin (HSA) with N-isopropylacrylamide (NIPAM): N-tert-butylacrylamide
(BAM) copolymer nanoparticles. The absorption was exothermic with a binding
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isotherm that was adequately fitted by a single-set-of-sites thermodynamic model,
indicating the absence of protein-protein interactions or binding cooperativity. The
interactions were very strong (Kj, ~ 10° M~") and the binding affinity was not affected
by the size or the composition of the nanoparticles, implying that the interactions are
not specific. The stoichiometry of the interactions revealed that a large number of
protein molecules could be absorbed to the NP surface. Small size NP (~70 nm) were
able to interact with dozens of proteins, while large size NPs (~200 nm) needed more
than 1000 protein molecules to reach saturation. Interestingly, the stoichiometry of
the interaction increased with the NP hydrophobicity. This finding suggests that the
hydrophobic BAM groups are the main protein binding sites and that hydrophobic
effects are the driving force for protein absorption by NIPAM/ BAM copolymer
nanoparticles.

Another study by Mandal et al. [88] investigated the interaction of BSA and HSA
with carbon nanoparticles. The calorimetric profiles of the interactions were almost
identical, showing a single binding event driven by equally favorable enthalpic and
entropic contributions. The affinity of the NP-BSA and NP-HSA interactions is
remarkably high (~2 x 10’ M~!) compared to typical affinities for binding of small
ligands to BSA and HSA (around 10° M~"). The 40 nm carbon nanoparticles were
able to interact with approximately 40 protein molecules, showing the same binding
capacity for both BSA and HSA. Strong binding interactions on the highly curved
surface of the NPs were expected to have an effect on the protein conformation.
Circular dichroism data confirmed partial unfolding and significant alteration of
protein secondary structure in the presence of carbon NPs. The authors suggested
that the BSA and HSA unfolding on the NP surface would significantly change the
transport properties of the complex, affecting in turn all the BSA- and HSA-mediated
processes of a biological system.

A later publication by Fleischer and Payne [92] monitored the interactions of
bovine serum albumin (BSA) with polystyrene NPs functionalized with either amine
or carboxylate groups to provide a cationic or anionic surface charge respectively.
ITC thermograms revealed that BSA is able to bind to both cationic and anionic NPs
following a binding equilibrium that can be analyzed by a single set-of-sites model.
The total enthalpy change of BSA binding was large, favorable and almost identical
for both NPs, suggesting the presence of an extensive network of stabilizing forces
between the NPs and the protein. However, the other parameters of the interaction
were very different for the oppositely charged NPs. The binding constant was almost
an order of magnitude greater for BSA adsorbed on anionic NP than that on their
cationic counterpart. Moreover, the average number of BSA molecules absorbed on
the carboxylate-modified NPs was much larger than that of the amine-modified NPs
(871 and 27 respectively), even though they were approximately of the same size.
The authors attributed the lower binding capacity of the cationic NPs to the loss of
protein secondary structure, resulting in a less energetically favorable packing of
BSA upon absorption on the positively charged surface. These differences in corona
characteristics were very important for the binding of the BSA-NP complexes to
cellular receptors. Although the same protein forms the corona, it was established
that anionic NPs and cationic NPs bind to different cellular receptors, showing that



88 A. Thanassoulas and G. Nounesis

the protein secondary structure is a key parameter that controls the NP interactions
with the cell.

Eren et al. [93] investigated the interaction of lysozyme with silica NPs. The
thermal profile of the interaction revealed the presence of two distinct modes of
interaction that lead to lysozyme complexation. The binding isotherm was analyzed
with the use of a sequential binding model that allowed the estimation of thermody-
namic parameters for both processes. The first binding mode was of higher affinity,
with favorable enthalpic and entropic terms and it was succeed by a weaker bind-
ing mode with a similar, although less pronounced, thermodynamic signature. The
enthalpic change in both processes was attributed to the formation of multiple non-
covalent interactions between the protein and the NP, whereas the entropic gain
was associated with reorganization of the charged NP surface and release of solvent
molecules and counterions from the binding interface to the bulk. Connecting ITC
and zeta potential data, the authors proposed an interesting binding mechanism for
the interaction of lysozyme with silica NPs. The first thermodynamic equilibrium
involves binding of protein molecules to a positively charged NP. As the complex-
ation progresses, more negatively charged protein molecules are bound and as a
result the surface charge of NP becomes neutral. The stoichiometry ratio from ITC
data confirm that this is the point where the second binding mode takes over, with
the second thermodynamic equilibrium corresponding to protein binding events to a
negatively charged surface. These energetically different thermodynamic equilibria
appear as discrete binding events in the ITC thermogram.

3.3 Polyelectrolyte Interactions

Polyelectrolytes is a fascinating and rapidly growing research domain [94]. Charged
polyelectrolytes can serve as model systems to investigate polyelectrolyte complex-
ation events in biological systems, including the wrapping of DNA around histones
to form nucleosomes. More importantly, it has been established that interactions
between oppositely charged polyelectrolytes can lead to a wide variety of electrostat-
ically assembled macromolecular architectures; for example, when combined with
lipids, DNA can form characteristic shapes like rods or toroids [95-97]. Therefore,
by introducing different chemical groups to the polyelectrolyte structures, we can
create self-assembled complexes with many desired properties, conformations and
functionalities. Appropriately, polyelectrolytes have many industrial and biotech-
nological applications including wastewater treatment, microencapsulation, protein
separation, enzyme immobilization and drug delivery.

Despite their importance, our understanding of their behavior and functionality
is far from complete. ITC is one of the few experimental techniques capable of
monitoring their interactions without any significant limitation in respect to their
charge, size and internal architecture. In addition, ITC can provide valuable data on
the polyelectrolyte’s aggregation state under various solvent conditions, by conduct-
ing proper dilution experiments [98—100]. However, studying these systems with
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ITC can be very challenging, considering that the complexation between oppositely
charged polyelectrolytes is often dominated by favorable entropic contributions, with
a very small enthalpy change. The main source of heat during the complexation
process is the release of counterions from the polyelectrolyte’s hydration layer. For-
tunately, modern ITC devices have become sensitive enough to follow this type of
low-enthalpy reactions. As a result, during the last decade, ITC has been frequently
employed to gain further insight into the mechanisms of various polyelectrolyte
interactions. Some characteristic examples from the literature are discussed in brief
below.

Feng et al. [101] studied the interactions between the strong polyelectrolytes
poly(diallyldimethylammonium chloride) and potassium poly(vinyl sulfate) and
between the weak polyelectrolytes polyvinylamine and carboxymethyl cellulose by
ITC under various pH and ionic strength conditions. Strong polyelectrolytes were
found to interact with high affinity through a relatively simple two-step process; the
first step corresponds to the exothermic complexation of the two polyelectrolytes.
The second step, which is also exothermic, is the result of aggregation and shrinking
of the complex structure to a more compact state. Interestingly, the second process
occurs near the point where the total charge of the sample cell solution is zero. The
enthalpy of the interaction shows a strong dependence on the choice of buffer, a
strong indication for the presence of a linked protonation/deprotonation equilibrium.
However, ion specific effects from the buffer counterions could also play a signifi-
cant role in these densely charged colloidal dispersions. The interaction between the
two weak electrolytes was found to follow a different binding mechanism. Based
on ITC data from experiments in different solution pH, the authors concluded that
the formation of the polyelectrolyte complex at the 5.0-5.9 pH range induces the
carboxymethyl cellulose to ionize further during the titration. This increased car-
boxyl ionization leads to more ionic crosslinks between the polyelectrolytes and the
interaction appears to be quite strong. Outside this pH window, the ionization effect
becomes less important and the interaction is described by a much smaller binding
constant.

Another study by Maurstad et al. [102] investigated the interaction between xan-
than, a bacterial polysaccharide, and a chitosan polymer. Thermodynamic analysis
of ITC data provided a valuable insight to the mechanism of interaction. The small
binding constant of the interaction is indicative of a non-specific, entropy-driven
complexation process. Increasing the chain length of the chitosan led to a more com-
plicated binding isotherm, suggesting that there was a secondary process after the
formation of the complex. Atomic force microscopy topographs confirmed original
ITC findings, showing that initial binding events were followed by aggregation when
the concentration and chain length of chitosan were increased over a certain limit.

A recent study by Lounis et al. [103] used ITC to systematically investigate the
interactions between linear poly(L-lysine) and oppositely charged acrylamide and
2-acrylamido-2-methyl-1-propanesulfonate copolymers at different ionic strength
conditions. The ITC experimental results for these interactions were in very good
agreement with previously published data obtained by other techniques. The ther-
modynamic analysis of the binding signature revealed that the complex formation
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is an entropy-driven process. Furthermore, the logarithm of the measured binding
affinities demonstrated a linear dependence with the logarithm of the solution’s ionic
strength; taken together, these finding confirm that the binding mechanism is based
on stabilizing electrostatic interactions between oppositely charged polyelectrolyte
regions. The authors were able to estimate the number of counter ions release by
combining ITC affinity data and the Manning theory [104].

One of the most interesting applications of polyelectrolyte systems is their use as
drug stabilizing and delivery systems. Sideratou et al. [105] investigated the interac-
tion between functionalized poly(L-lysine) dendrigrafts and insulin at physiological
pH. Analysis of ITC data provided a clear picture for the binding mechanism of the
dendrigrafts-insulin interaction. The final binding isotherm appears to be the result
of two distinct thermodynamic equilibria: an endothermic process that is the major
source of heat signals at low insulin concentrations (up to ~0.7 molar ratio) and
an exothermic process that is predominant at higher molar ratio. The competition
between these two opposite heat signals produces a characteristic V-shaped curve
(Fig. 9). The endothermic trace is produced from the dissociation of insulin, which
at high concentrations forms dimers or hexamers. When dendrigraft molecules are
injected into the sample cell, the presence of the amino and/or guanidinium groups
destabilizes the insulin oligomers, causing them to dissociate into monomers. The
observed exothermic process results from the binding of insulin monomers to the
functionalized dendrigraft by charge-pairing interactions. After a critical monomer
concentration is reached in the solution, less and less dissociation events occur and
the exothermic binding trace becomes dominant.

3.4 Interactions of Lipid-Based Systems

Some compounds do not have all the necessary properties to become efficient drugs.
Problems like poor solubility, non-specific targeting or low permeability of biolog-
ical barriers reduce their effective concentration significantly, leading to less than
optimal results. One of the greatest challenges in the pharmaceutical industry is the
development of new strategies and technologies to overcome these obstacles and
enhance the bioavailability of the molecules in the area of interest.

The interaction of bioactive ligands with lipid bilayers is a critical step for their
transportation through biological membranes to the intended target site. Most drugs
will have to cross several membranes to reach the interior of the cell. Therefore, a
detailed understanding of the interactions between drugs and biological membranes
is very important for the formulation of effective therapeutic agents.

The thermodynamics of lipid interactions with other compounds depends on the
structure and various physicochemical properties of the reacting species, including
lipophilicity, charge, size and hydrogen bonding capacity. Lipids can assemble in
a variety of morphologies, depending on their chemical structure, hydration state
and solution conditions. Lipid are a very difficult system to work with; usually, the
available sample quantities are limited and contain various impurities. Moreover, the
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resulting suspensions are generally turbid, which complicates analysis by spectro-
scopic techniques. Opposite to specific binding, where the association requires the
presence of well-defined binding sites, lipid interactions does not necessarily lead to
the formation of complexes with certain stoichiometries.

In addition to their usefulness as model systems for biological membranes, lipid
vesicles hold promise as efficient drug carriers, with numerous clinical applica-
tions [106, 107]. ITC is considered the method of choice for monitoring interactions
between bioactive molecules (such as surfactants, peptides, proteins, drugs) and lipid
membrane analogs like vesicles or micelles. Below we discuss in brief some inter-
esting ITC studies on the interactions of lipid-based systems.

Ikonen etal. [108] investigated the thermodynamics of the binding and partitioning
of three p-blockers (alprenolol, labetalol and propranolol) as well as that of the local
anaesthetic tetracaine into liposomes composed of 1-Palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-(1-
glycerol)] (POPG). A series of ITC experiments was performed in order to investigate
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thoroughly the effect of concentration, membrane curvature, temperature, and ionic
strength to binding energetics. The interactions of all drugs were exothermic, with a
dominant enthalpic term. The favorable enthalpy change can be explained by van der
Waals interactions between the non-polar groups of the drugs and the long hydro-
carbon chains of the lipids. Repeating the titrations with different concentrations of
liposomes and drugs resulted in almost identical estimations for the thermodynamic
parameters of the interaction, indicating that the partitioning of the compounds into
liposomes is a thermodynamic equilibrium and not a kinetically controlled process.
The effect of membrane curvature was examined by direct comparison of ITC titra-
tions with liposomes of different diameter and it was found that there is no significant
change to the binding parameters. Increase of the titration temperature resulted in
more exothermic interactions, implying negative AC, values for the binding pro-
cesses. Negative AC, values are often attributed to burial of hydrophobic areas,
providing further evidence for an extended network of van der Waals interactions
between the non-polar groups of the reactants. In conclusion, the effect of ionic
strength on the affinity of the interactions was examined by carrying out ITC exper-
iments at different salt concentrations. Measurable differences were detected for the
binding constants of the interactions in low and high salt concentrations, provid-
ing evidence that electrostatic effects play an important role in the binding process.
These electrostatic effects may include direct charge—charge interactions between
the drugs and the liposomes as well as structural reorganization of the lipids in the
negatively charged membrane.

Another publication by Al-Kaddah et al. [109] explored the interaction of the
antibiotics gallidermin and vancomycin with bacterial membranes simulated by 1,2-
dioleoyl-sn-glycero-3-phosphocholine liposomes (DOPC). To investigate the role of
the cell wall precursor lipid II to the antibiotic interactions, pure DOPC liposomes
and DOPC liposomes containing 0.1% (mol/mol) were prepared (DOPC + Lipid
II). Both compounds were found to bind to DOPC + Lipid II liposomes with high
affinity (Kb ~ 3 x 103 M), displaying a typical sigmoidal ITC trace of exothermic
peaks that can be analyzed by a single set-of -sites binding model. However, only
vancomycin was able to interact with pure DOPC liposomes with similar affinity
under identical experimental conditions. These results provide a clear indication for
a direct interaction between gallidermin and Lipid II that facilitates the membrane
insertion of the molecule. On the other hand, the vancomycin insertion is probably
mediated by non-specific hydrophobic interactions with the membrane. These differ-
ences in binding behavior could also imply a different mechanism of antimicrobial
activity for the two peptides.

Another interesting class of lipid-based molecules, which combine the aggre-
gation characteristics of lipids and the specific functionalities of nucleosides, are
the nucleolipids [110]. These hybrid moieties, composed of a lipid covalently
linked to a nucleoside, show great promise as biocompatible nanocarriers for ther-
apeutic compounds. A recent study [111] explored the interactions of thymidine-
and adenine-3’-(1,2-dipalmitoyl-sn-glycero-3-phosphate) nucleolipids (abbreviated
as diC16dT and diC16dA respectively) with the RNA analogs polyuridylic acid
(polyU) and polyadenylic acid (polyA). Both nucleolipids were able to bind to their
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base-corresponding RNA analogs, however the interactions were relatively weak
(Kp < 10° M) and non-specific, driven mainly by favorable entopic contributions
(Fig. 10). The stoichiometry of the interactions (N < 1) also revealed that due to steric
restrictions, only a fraction of the nucleolipid molecules are able to interact with the
nucleic acid analogues. The conclusions of this study were used for an appropri-
ate modification of the diC16dT and diC16dA nucleolipids, in order to increase the
selectivity and affinity of the interactions [112]. The results were very encouraging,
showing a tenfold increase in affinity for both compounds. Although the optimization
of nucleolipids is far from complete, these studies demonstrate the usefulness of ITC
in the development of new design strategies.
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3.5 Cyclodextrin Interactions

For most drugs, a difficult balance needs to be achieved: they must be hydrophilic
enough to dissolve in biological fluids and lipophilic enough to be able to penetrate all
the biological membranes in their path. However, quite often, the most promising drug
candidates exhibit poor water solubility [113] and they are classified as Class II (high
permeability but low solubility) or Class IV (low permeability and low solubility)
drugs in the FDA’s biopharmaceutical classification system [114]. There are many
ways to increase the apparent solubility of a compound, including salt formulation,
particle size reduction, microemulsions etc. One very effective strategy to increase
drug solubility is to create reversible complexes with a more hydrophilic carrier.
Cyclodextrins are increasingly used for drug-delivery purposes, by virtue of their non-
toxicity and effectiveness in enhancing the solubility, stability and bioavailability of
otherwise poorly soluble drugs. Today, many therapeutic agents that contain natural
or modified cyclodextrins are available in markets worldwide [115]. Cyclodextrins
are naturally occurring cyclic oligosaccharides formed by six (a-CD), seven (B-
CD) or eight (y-CD) D-glucopyranosyl units organized in a hollow truncated cone
architecture with amphiphilic properties; the exterior of the structure is hydrophilic,
while the interior cavity surface is relatively hydrophobic. They are known for more
than 100 years [116], but it is only recently that highly purified cyclodextrins have
been incorporated in pharmaceutical formulations. In aqueous environments, CDs
form inclusion complexes by incorporating hydrophobic molecules or hydrophobic
parts of the molecule (depending on chemical structure and steric restrictions) into
their central cavity, thereby increasing the solubility of the guest molecules and
protecting them from their environment.

The rigidity of the structure and the specific dimensions of the hydrophobic cav-
ity arise certain limitations on the potential guests that can be accommodated by
native CDs. Chemical modifications of cyclodextrins have been used to enhance
their functionality and in some cases to overcome molecular size restrictions by
proper orientation of multiple CDs into new geometries that specifically match the
structure of the guest. CD functionalization provide new opportunities for their use to
complexation, delivery and controlled release of therapeutic molecules. Natural CDs
are relatively large and contain a large number of hydrogen donors and acceptors;
consequently, they do not readily permeate biological membranes [117]. However,
modified cyclodextrins, such as methylated B-cyclodextrins, can enhance drug pen-
etration through lipophilic barriers [118].

Most CD-drug inclusion complexes involve 1:1 stoichiometries (one molecule of
drug per CD molecule) and binding constants in the range of 50-2000 M~! [119].
The driving force for the inclusion can have many origins: inclusion of the drug
in the central cavity displaces closely packed water molecules to the bulk with a
favorable change in entropy. Electrostatic interactions, van der Waals interactions,
hydrophobic effect, hydrogen-bond formation can also contribute to the energet-
ics of the complexation process. Hence, CD-drug interactions are relatively weak
interactions, which are often hard to study. ITC is an invaluable tool for studying
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the binding mechanism and the energetics of CD—drug inclusion, especially when
combined with structural information from other techniques like NMR. In the fol-
lowing paragraphs, instructive examples of ITC studies on CD-drug interactions are
discussed.

Segura-Sanchez et al. [120] used ITC to study the complexation mechanism of
(+)-usnic acid (a molecule with antitumor activity), by native and modified CDs. The
stoichiometry of all interactions was found to be 1:1 and the binding constants were
in the range between 100 and 1100 M~!, with y-CD being the most suitable host
of all the CDs of the study. The thermodynamic profile of the interactions suggests
that the complex formation is enthalpically driven, stabilized by a combination of
van der Waals forces and hydrogen bonds. To investigate further the complexation
mechanism, the authors repeated the y-CD experiments in different solution pH.
The observed changes in binding energetics were correlated with various possible
orientations and a planar configuration was finally proposed for the guest molecule.
Molecular modeling simulations confirmed that the indicated binding topology was
the most stable for this specific inclusion system.

Mazzaferroetal. [121] investigated the inclusion complexes of docetaxel (a potent
anti-cancer drug) with various cyclodextrins. The solubility of the drug was increased
over 5000 times when complexed with methyl-B-cyclodextrin (Me-B-CD), while the
other cyclodextrins of the study offered less significant solubility enhancements.
Two-dimensional 1H NMR, ITC, molecular docking simulations and circular dichro-
ism spectroscopy were employed to investigate the binding of docetaxel to Me-p-CD.
Analysis of ITC data revealed an unusual binding mechanism: the stoichiometry of
the complex was found to be 2:1 (two Me-B-CDs bind one docetaxel molecule) and
the experimental binding isotherm was indicative of an exothermic sequential bind-
ing process. The first step of the complex formation involves the exothermic binding
of docetaxel to one Me-B-CD with an unfavorable entropic term. The exposed part
of docetaxel then interacts with another Me-B-CD to form the final 2:1 complex,
this time with a favorable entropy change. Molecular docking simulations explain
the opposite entropic contributions of the sequential binding events by differences
in the hydrophobic area of the two binding interfaces and the smaller flexibility of
the already bound docetaxel molecule.

A study by Ignaczak et al. [122] evaluated the thermodynamic parameters of
the complex formation between mianserin hydrochloride, a common antidepressant,
with 8-CD by ITC and quantum chemical methods. Titration data shown that the
interaction is relatively strong (>1300 M~"), with a small negative enthalpic term and
alarge favorable entropic change that is associated with release of high-ordered water
molecules from the hydration layer to the bulk. Interestingly, the stoichiometry of the
interaction suggests the formation of 2:1 complexes along with a smaller population
of 1:1 B-CD—mianserin complexes. However, the binding isotherm was adequately
described by a single step process, indicating that the 2:1 complex involves the
synchronous binding of two B-CDs to a mianserin molecule. Quantum molecular
dynamics calculations on both 1:1 and 2:1 structures confirmed that 2:1 complexes
are energetically more favorable than their 1:1 counterparts.
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A recent study by Agnes et al. used ITC to identify the optimal host for delivering
penicillins to mammalian cells from a collection of anionic and cationic thioether-
substituted-f- and y-CD derivatives. The strongest interaction of the study was that of
the positively charged octakis(6-(2-aminoethylthio)-6-deoxy)-y-CD with oxacillin
(Fig. 11). The binding constant was ~1700 M~!, with almost equally favorable
entropic and enthalpic terms. For this system, the binding stoichiometry suggested
the presence of 1:1 complexes along with measurable population of 2:1 (host/guest)
complexes, a result that was later confirmed by NMR data as well. The authors used
this interaction to investigate the role of electrostatic effects in the f-lactam antibi-
otics inclusion mechanism by studying the effect of ionic strength on the binding
of the oppositely charged molecules. No significant change in both enthalpy and
binding affinity was detected for biologically relevant salt concentrations and it was
concluded that the complex was stabilized though host-guest soft contacts rather than
by electrostatic interactions.
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4 Conclusions

Isothermal titration calorimetry is a well-established biophysical technique for study-
ing the formation or dissociation of molecular complexes. Over the past years, ITC
has developed from a convenient tool for studying macromolecular interactions with
small ligands to a powerful and versatile method that is used in various research fields
including biochemistry, biophysics, structural biology, materials science, medicinal
chemistry, supramolecular chemistry and food science. The increased popularity of
ITC in basic biochemical, biomedical biotechnology-oriented research lies in the
ability to provide a complete thermodynamic characterization of noncovalent inter-
actions and valuable insight to the underlying mechanisms that govern molecular
recognition. Measuring the small amounts of heat released or absorbed upon bind-
ing, ITC is able to monitor molecular events that are invisible to other techniques
such as binding to surfactants, cyclodextrin inclusions and nanoparticle corona for-
mation. As titration calorimeters become more sensitive and widespread with time,
the spectrum of ITC applications is expected to broaden even more in the following
years.
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