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Abstract

Biomimetic nanocarriers, particularly membrane-based systems, have emerged as promis-
ing platforms for drug delivery. A thorough understanding of the molecular interactions
that govern their assembly, stability, and cargo-loading efficiency is essential for optimizing
their design and performance. Equally important are their interactions with biological
components such as proteins, lipids, nucleotides, and cells, which significantly influence
delivery efficacy. Among various techniques for characterizing these nanocarriers, isother-
mal titration calorimetry (ITC) has proven to be an invaluable tool to study their molecular
interactions. ITC enables direct quantification of key thermodynamic parameters, such
as binding affinity, stoichiometry, enthalpy, and entropy changes, without the need for
molecular labeling or immobilization. This review highlights the application of ITC in
the study of biomimetic nanocarriers, focusing on solid lipid nanoparticles, liposomes,
extracellular vesicles, cell-derived vesicles and live cells. For each type of nanocarrier,
the ITC applications in specific areas and the resulting information are discussed. For
example, ITC was used to characterize drug interaction and protein adsorption for solid
nanoparticles. In contrast, many aspects of liposomes were explored by ITC, including
membrane solubilization and stabilization, peptide interactions, and macromolecule and
protein adsorption. Overall, this review aims to provide a conceptual and practical frame-
work for employing ITC in the investigation of biomimetic nanocarrier systems, facilitating
their rational design and improved therapeutic performance. Furthermore, the discussion
encourages further development of strategies to increase the application in cell-derived
vesicles and live cells.

Keywords: biomimetic; nanocarriers; ITC; liposome; EVs

1. Introduction

Biomimetic membrane-based nanocarriers represent a promising approach in nano-
medicine for drug delivery [1-3]. Here, the term ‘biomimetic’ refers to nanosized structures
derived from or coated with natural cell membranes and is used interchangeably with
the concept of membrane nanocarriers. Compared to conventional drug delivery systems,
these nanocarriers offer enhanced biocompatibility [4], improved immune evasion [5], and
capability for specific targeting [5]. Depending on the origin of membrane lipids and sur-
face engineering strategies, nanocarriers with desirable properties can be achieved, such as
prolonged circulation times and improved biodistribution [6]. By bridging the gap between
engineered platforms and natural systems, biomimetic nanocarriers serve as powerful tools
for next-generation therapeutics and diagnostics. A deep understanding of the molecular
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interactions of biomimetic membrane-based nanocarriers is critical for optimizing their
design, targeting efficiency, and therapeutic performance. These interactions further dictate
their engagement with biological targets, such as cells, proteins, and membranes, and subse-
quently influence their biodistribution and therapeutic efficacy. Numerous techniques have
been employed to study biomimetic nanocarriers, including stability, drug encapsulation
efficiency, and interactions with biological components. For example, surface plasmon
resonance, an optical technique, is widely used to measure the binding kinetics and affinity
of molecules on nanocarrier surfaces; but, it requires immobilization of one interaction
partner [7,8]. Quartz crystal microbalance can characterize interactions between nanocarri-
ers and proteins, ligands, or cell membranes by detecting mass changes upon binding [9].
Fluorescence resonance energy transfer provides an effective way to study drug loading
and release based on molecular proximity changes during binding events [10]. Microscale
thermophoresis measures the movement of molecules in a temperature gradient, enabling
sensitive detection of protein—nanocarrier interactions [11,12]. In addition, some separation-
based methods were also explored to study binding affinity by quantifying the bound
and unbound nanocarriers. For example, high-performance liquid chromatography with
immobilized protein as stationary phases can be used to determine nanocarrier—protein
binding affinities from retention times [13]. Capillary electrophoresis frontal analysis was
used to quantify affinity and stoichiometry of nanocarrier-drug or nanocarrier-nucleic
acid complexes [14]. Field-flow fractionation separates nanocarriers based on size and
composition, allowing assessment of binding events and heterogeneity within nanocarrier
populations [15]. Unfortunately, these techniques only generate certain information related
to thermodynamic parameters of interactions. In contrast, isothermal titration calorimetry
(ITC) offers unique advantages [16]. First, ITC does not require labeling of nanocarriers or
binding molecules, thus avoiding potential artifacts introduced by tags or fluorophores.
Second, ITC provides direct, real-time measurements of molecular interactions and yields a
complete set of thermodynamic parameters, including binding affinity, enthalpy, entropy,
and stoichiometry. Traditionally, ITC has been widely used in drug discovery to study the
binding affinity between drug candidates and target proteins, aiding in the rational design
and optimization of therapeutics [17,18]. Recently, the applications of ITC have expanded
into diverse biological areas [19], with comprehensive reviews covering soft materials [20],
pharmaceutical technology [21], enzymatic reactions [22,23], nanoparticles [24,25], peptide-
lipid membrane interactions [26], and membrane proteins and lipids [27,28]. Despite the
growing interest in biomimetic membrane-based nanocarriers, a review of ITC applications
in this area is still lacking.

Here, we first outline the ITC principles and discuss the key parameters influencing
the ITC results. Then, a detailed discussion of ITC applications in characterizing different
types of biomimetic nanocarriers is provided. The various biomimetic nanocarriers will
mainly be membrane lipid-based structures, focusing on solid lipid nanoparticles, lipo-
somes, extracellular vehicles (EVs), and cell membranes. For each type of nanocarriers, the
discussion is based on the available studies. For instance, ITC has been used to investigate
protein adsorption on solid lipid nanoparticles, and the subsequent impact on targeting
efficiency. In the case of liposomes, ITC studies have been explored in many aspects, includ-
ing structural stability, cargo loading, interactions with various molecules. In contrast, only
a limited number of ITC studies are available for EVs despite their great promise as drug
delivery vehicles and diagnostic tools. Interestingly, it is also feasible to study ligand—cell
surface receptor interactions, monitor metabolic activity for whole live cell systems using
ITC. Through these discussions, this review aims to encourage further exploration of ITC
for characterizing biomimetic systems, particularly EVs and live cells.
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2. Isothermal Titration Calorimetry
2.1. Principle of ITC

ITC is a powerful analytical technique that measures heat changes during chemical or
biochemical reactions, providing comprehensive thermodynamic information about the
molecular interactions [16]. Key parameters obtained from ITC measurement include the
dissociation constant (Kd), which reflects the strength of the interaction; enthalpy change
(AH), representing the heat absorbed or released during the reaction; entropy change (AS),
indicating the degree of disorder or randomness in the system; and stoichiometry (n),
the ratio of interacting molecules [29]. Generation of a complete set of thermodynamic
parameters is a key advantage of ITC technique, which allows quantifying molecular inter-
action in a single experiment without the need for labeling or immobilization. In a typical
experiment, one reactant is incrementally titrated into a sample cell containing the other
reactant under gentle stirring. A reference cell, filled with the same solvent for reaction, is
used to correct for background heat changes. As each titration proceeds, the instrument
continuously records the heat released or absorbed, producing a characteristic thermogram
(or titration curve) as a function of the molar ratio of the reactants. The resulting data can
be analyzed and fitted into various binding models (e.g., simple 1:1 interactions, sequen-
tial binding, or multiple-site interaction) to extract detailed thermodynamic parameters.
Figure 1 illustrates the working principle of ITC, including representative raw data, fitted
curves, and the associated binding information.
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Figure 1. Illustration of the ITC working principle, representative thermograms, and the data fitting
curve. The binding isotherms are generated by integrating the peak areas from each injection. These
data are then fitted to appropriate models to determine Kd, AH, and #, while AS and AG are calculated
using standard thermodynamic relationships. Sequential injections enable the construction of complete
binding curves, allowing for accurate determination of binding affinity, stoichiometry, and cooperativity.
The dash line indicates the baseline. Created with https://www.biorender.com/60ott6k.

Here, the volume of the reaction/reference cells is determined by the instrument types.
For example, the cells of the affinity ITC (TA instruments, waters) standard version can
be up to 1 mL while the low-volume version only holds up to 190 uL. The thermograms
obtained from ITC experiments represent raw data showing the heat released or absorbed
during molecular interactions. These thermograms can be displayed as either the power
change in the instrument or the heat change within the reaction cell where the instrument’s
power change is inversely related to the heat change (Figure 1). As a result, a positive
peak in the power signal indicates an endothermic process where the reaction adsorbs
heat from the environment, corresponding to a positive enthalpy change in the reaction
but a negative heat value. Conversely, a negative power peak suggests an exothermic
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process—where the reaction releases heat to the surroundings, corresponding to a negative
enthalpy change in the reaction and a positive heat value. Therefore, careful interpretation
is required when determining whether a reaction is endothermic or exothermic, depending
on whether the thermogram presents instrument power or heat rate. ITC measures binding
reaction heat indirectly by adjusting the electrical power needed to maintain the sample
cell at a constant, pre-set temperature. During an exothermic reaction, heat is released,
causing the temperature of the sample cell to rise. To compensate, the instrument reduces
heater power, resulting in downward peaks. Conversely, endothermic reactions absorb
heat, leading to a drop in the sample cell’s temperature. In this case, additional power is
required to maintain the set temperature, producing upward peaks. The area under each
peak corresponds to the heat change per injection. By integrating these values as a function
of the titrant-to-sample molar ratio, one can construct the binding isotherm and extract
key thermodynamic parameters. Therefore, the AH is the parameter that can be directly
obtained from normalized firing of the ITC thermograms. The binding constant is derived
from the slope of the fitting curve. The shape of the binding isotherm is determined by the
critical parameter c, a unitless constant. This constant is a product of the binding constant,
initial concentration of the molecules in the sample cell and the stoichiometry, #, of the
binding reaction. AS and AG are calculated using standard thermodynamic relationships.

Additionally, the trend of the peaks provides further insights into binding and equilib-
rium processes of the reaction, where the height and area of the peaks on the thermogram
are directly proportional to the heat released or absorbed during the binding reaction.
Larger peaks indicate a stronger interaction (higher binding affinity) and a greater heat
change. The integrated area under the peaks on the thermogram reflects the enthalpy of
binding. As the reaction approaches equilibrium, the peak height gradually decreases due
to the reduced binding rate resulting from saturation of the available binding sites. From
the thermograms, only enthalpy information can be obtained. To obtain thermodynamic
parameters, a fitting model needs to be selected to fit the raw data. Depending on the
availability of binding sites and binding kinetics, proper models need to be selected, such
as simple 1:1 binding model, multiple site binding, sequential binding, etc. The quantitative
thermodynamic parameters allow evaluation of the strength of molecular interactions.

Beyond the binding affinity, the enthalpy and entropy contribution offer deeper under-
standing of the nature of the interactions. Weak interactions can be driven by either enthalpy
or entropy, or a combination of both depending on the nature of the interacting molecules,
temperature, and solvent [30]. Enthalpy-driven interactions (AH < 0 and AS < 0) typically
tend to be strong and exothermic, leading to a more ordered, stable structure, that can result
from hydrogen bonding and van der Waals forces [31,32]. On the other hand, entropy-driven
interactions (AH > 0 and AS > 0) tend to be weaker, such as the hydrophobic effects, often
leading to a more diffuse or less stable structure [31]. The interactions with AH <0 and AS >0
could correspond to electrostatic interactions [32]. Therefore, ITC technique is a highly useful
tool to study the molecular interactions via non-covalent, weak interactions.

2.2. Important Parameters Affecting ITC Results

ITC technique measures the thermodynamics of molecular interactions by directly
detecting heat changes during binding events; therefore, experimental designs ensuring
precise measurements of heat exchange and proper calibration of the instrument are critical.
To obtain reliable and interpretable data, several experimental parameters [33] must be
carefully considered, as illustrated in Figure 2, such as solvent [34], temperature [35,36],
concentrations of the reactants [33], and the selection of proper data fitting models [12,37].
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Figure 2. Schematic illustration of factors affecting the ITC experimental results. Representative
thermograms highlight the influence of concentration and titration order. Baseline-corrected profiles
reveal either larger peaks—indicating more binding events—that diminish with increasing saturation,
or smaller peaks to peak plateau that reflect reaction completion. These data are typically fitted
to a binding model (e.g., multiple-site or sequential binding model) to derive key thermodynamic
parameters. Created in https:/ /www.biorender.com/blpmarp.

ITC experiments are highly sensitive to temperature variations, and the heat capacity
of solvents impacts the instrument’s ability to detect small heat changes. Minor fluctu-
ations in temperature can introduce noise or artifacts into the data. Differences in heat
capacity between the sample and the reference cell can lead to baseline drift or poor signal
resolution [38]. In addition, the concentrations of both reactants need to be optimized for
optimal heat generation. If the concentration of either reactant is too high, the binding sites
can be saturated quickly, making it difficult to accurately determine binding parameters.
On the other hand, too low a concentration of either reactant may result in weak signals,
reducing the sensitivity of the measurement. The molar ratio of two reactants also needs
to be appropriately set. For the best results, make the starting concentration as close as
possible to the large-signal limits of the instrument. The number of injections (>10) is
also important for better curve fitting [33], too large or too many injections may saturate
the system quickly, preventing accurate model fitting. Optimal titration design (typically
20-30 injections) is necessary for good curve resolution.

Importantly, these parameters often correlate with one another. For example, tempera-
ture not only influences reaction kinetics but also affects solvent viscosity and heat capacity,
which in turn impact the magnitude and shape of the heat signals detected. Similarly, be-
yond its effect on solubility, dilution heat can vary significantly between solvents, directly
influencing the baseline, the amplitude of thermograms, and the sensitivity to reaction
heats. Therefore, ITC experimental conditions must be optimized collectively to ensure
accurate and reliable results.


https://www.biorender.com/b1pmarp

Biomolecules 2025, 15, 1349

6 of 29

In addition to experimental conditions, the binding site fitting model for ITC data
analysis plays a crucial role in determining the thermodynamic parameters derived from
an experiment [39]. If the number of binding sites of a molecule is known from prior
knowledge, more stable and reproducible fitting can be readily obtained. On the other
hand, if the stoichiometry needs to be estimated from data fitting, the proper choice of
the model will be critical to obtain reasonable parameters. In such cases, the shape of the
thermogram provides the initial guide with sigmoidal curves typically for single-site bind-
ing, and biphasic or plateaued responses for multiple binding events or allosteric effects.
Single-site model can oversimplify complex interactions and ignoring multiple binding
events can lead to incorrect thermodynamic interpretations. Multiple-site models account
for different affinities or cooperative effects but require higher-quality data and more robust
fitting routines [40]. The multiple site models can also lead to large fitting errors, but the
resulting parameters (when reliable) better reflect biological reality. Therefore, choosing
the appropriate binding site fitting model is essential for correctly interpreting ITC data. In-
appropriate fitting choices can significantly distort the derived thermodynamic parameters,
leading to incorrect biological conclusions [41]. A systematic study of uncertainty quantifi-
cation in ITC data due to heat and concentration error suggested that proper experimental
designs are critical to reduce experimental uncertainty by using more injections and by
fixing stoichiometry at its known value [42]. Finally, periodic instrumentation validation
with standards is important to minimize experimental errors [43]. Additionally, even if a
model fits well statistically, it should also make biophysical sense. Therefore, ITC data are
often further validated with orthogonal techniques (e.g., spectroscopy, mass spectrometry,
structural biology) when possible. Under carefully designed experimental conditions, ITC
measurements typically produce reliable Kd in the range of 100 pM down to 1 nM with
a standard deviation (SD) around 5% [44]. Although the lower SD value indicate high
confidence, the actual SD depends on the experimental setup and data quality, which can
vary from 2-10%.

In a typical ITC experiment, the thermogram can be monophasic that fits well with a
one-site binding model [45], or non-canonical profiles that deviate from this ideal behavior
and reveal additional mechanistic complexity [46], as shown in Figure 3. One common
example is the biphasic profile, in which two distinct binding phases appear during the
same titration. This often arises when a macromolecule possesses more than one binding
site or undergoes sequential binding events with different affinities. Another non-canonical
case is the inverted sign-change profile, where the apparent enthalpy of binding shifts from
exothermic to endothermic (or vice versa), typically reflecting conformational rearrange-
ments, proton exchange, or other coupled processes that influence the net heat signal [47].
Peak broadening is another frequently encountered deviation, characterized by unusually
wide or poorly resolved injection peaks. This effect can result from slow binding kinetics,
aggregation, or incomplete equilibration between injections, all of which complicate data
analysis. Recognizing such atypical thermograms is crucial because they signal that simple
one-site models are insufficient. Instead, more advanced fitting strategies or complemen-
tary biophysical techniques may be required to extract reliable thermodynamic parameters
and accurately interpret the underlying molecular mechanisms [45,46].
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Figure 3. Representative ITC profiles examples of monophasic, biphasic, inverted sign-change, and
peak-broadening thermograms. Created in https:/ /www.biorender.com/ca9yy5;j.

3. ITC Applications of Biomimetic Nanocarriers

The molecular interactions between biomimetic nanocarriers and biological systems
critically modulate their circulation time, biodistribution, and ultimate fate, key factors for
effective drug delivery. In the literature, these biomimetic nanocarriers are described using
various terms such as lipid nanoparticles, liposomes, lipid vesicles, and membrane vesicles.
For the purpose of this review, we adopt a specific nomenclature: lipid nanoparticles refer
exclusively to solid lipid nanoparticles, while liposomes broadly encompass all membrane
vesicles composed of synthetic and/or natural lipids. In contrast, EVs derived from cells,
along with membrane vesicles generated via cell membrane reconstruction, are grouped
together with live cell analyses. Our focus here is on ITC studies investigating the molecular
interactions of solid lipid nanoparticles, liposomes, EVs, and membrane vesicles/live cells.
Figure 4 provides an overview summarizing the discussion points for each nanocarrier type
based on the available research.
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Figure 4. An overview of discussed biomimetic nanocarriers, including interactions of liposomes with
peptides, polymers, surfactants, and drugs, solid lipid nanoparticles with surface protein adoption,
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protein corona formation and drug loading, extracellular vesicles and cell membrane-derived systems
engage in processes such as ligand binding, molecular transport, and receptor-mediated interactions.
Created in https:/ /www.biorender.com/dkjpxol.

3.1. ITC Applications of Solid Lipid Nanoparticles

Solid lipid nanoparticles represent a highly promising class of drug delivery nanocar-
riers due to their biocompatibility, biodegradability, and structural similarity to natural
lipids [48]. These characteristics are particularly advantageous for the delivery of RNA-
based therapeutics. The development of COVID-19 mRNA vaccines stands as a landmark
example of the successful application of solid lipid nanoparticles in clinical settings [49,50].
Typically, solid lipid nanoparticles are composed of a solid lipid core that facilitates drug
encapsulation, a surfactant layer that ensures colloidal stability and emulsification, and,
in some cases, additional surface modifications to enhance biocompatibility or enable
targeted delivery. Importantly, they are designed to remain stable at physiological and
moderately elevated temperatures (2545 °C), since higher temperatures can trigger lipid
phase transitions and compromise nanoparticle stability. A detailed understanding of
the molecular interactions between solid lipid nanoparticles, therapeutic agents, and bi-
ological environments is essential for optimizing nanoparticle design and maximizing
therapeutic efficacy.

During the development of solid lipid nanoparticles, ITC has proven to be a valuable
tool for elucidating the thermodynamics of molecular interactions, providing key insights
into structural stability, drug encapsulation efficiency, and targeting capabilities. For
instance, Huang et al. effectively investigated the interactions between weakly hydrophobic
drugs and model lipids relevant to solid lipid nanoparticles using ITC [51]. In this study,
benzoic acid and salicylic acid, two structurally similar weakly hydrophobic drugs differing
only by a single hydroxyl group, were selected as model compounds, while stearic acid
served as the representative lipid. The ITC thermograms revealed that both drug-lipid
interactions proceeded through two sequential phases around a molar ratio of 1.0. Both
interactions were exothermic, characterized by negative enthalpy changes; however, the
enthalpy change associated with the benzoic acid-stearic acid interaction was significantly
greater. Considering the corresponding entropy changes, the study concluded that the
benzoic acid—stearic acid interaction was predominantly driven by hydrogen bonding,
whereas the salicylic acid-stearic acid interaction was mainly governed by hydrophobic
forces [51]. Although this study focused on specific molecules and its conclusions may not
be universally applicable to all hydrophobic compounds, it demonstrated the efficacy of ITC
in quantitatively characterizing molecular interactions within solid lipid nanoparticles. This
approach can be extended to study interactions between various drug molecules and lipid
components. Moreover, ITC has also been employed to investigate drug localization within
solid lipid nanoparticles. For example, the binding of thionine, a cationic phenothiazinium
dye, to mRNA was studied by ITC as a model system to probe drug permeation and
localization inside solid lipid nanoparticles [52].

Most solid lipid nanoparticles are composed of multiple components [53], which com-
plicates the interpretation of specific molecular interactions by ITC. Consequently, many
ITC studies on solid lipid nanoparticles focused on protein adsorption, commonly referred
to as the formation of the “protein corona”, using various proteins as model systems. For
example, Rathee et al. investigated how ITC has been applied to investigate the interaction
between solid lipid nanoparticles and bovine serum albumin (BSA) by titrating BSA into a
solid lipid nanoparticle suspension [54]. Due to nonspecific and very weak interactions
between BSA and the nanoparticles, the resulting ITC thermograms lacked distinct binding
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profiles and showed very low heat rates. As a result, no meaningful thermodynamic pa-
rameters could be extracted. The observed interactions were likely driven by hydrophobic
interactions between hydrophobic patches on the BSA surface and the lipid nanoparti-
cles [54]. Similarly, another ITC study by Miao et al. demonstrated that the interaction
between human serum albumin (HSA) and solid lipid nanoparticles was weak but the
interactions were dependent on lipid composition [55]. In this work, alkyne and ester
groups were incorporated into the lipid tails of Dlin-MC3-DMA, an ionizable cationic lipid
containing a tertiary amine group that becomes protonated under acidic conditions and is
widely used in clinically approved lipid nanoparticle formulations. The solid lipid nanopar-
ticles were co-formulated with fusogenic lipids such as dioleoylphosphatidylethanolamine
(DOPE) and compared with formulations containing unmodified Dlin-MC3-DMA or cKK-
E12, a tripeptide-derived ionizable cationic lipid designed for efficient mRNA delivery to
hepatocytes. ITC measurements revealed that solid lipid nanoparticles containing lipids
with alkyne and ester modifications exhibited a fivefold lower association constant for HSA
adsorption compared to cKK-E12 nanoparticles. This reduced HSA binding correlated with
significantly enhanced mRNA delivery to the liver [55]. Another similar study investigated
the effects of particle size and pH on BSA adsorption to model lipid nanoparticles composed
of cetyl palmitate and Tween 80 [56]. At pH 7.4, ITC thermograms indicated exothermic
interactions (AH < 0) coupled with negative entropy changes (AS < 0), suggesting that van
der Waals forces and hydrogen bonding dominated the interaction [32]. In contrast, at
pH 6.0, the ITC profiles exhibited both endothermic and exothermic phases, implying a
more complex interplay of interaction forces, including electrostatic and hydrophobic inter-
actions alongside van der Waals forces and hydrogen bonding. Furthermore, smaller lipid
nanoparticles adsorbed less BSA, highlighting size-dependent protein corona formation.

Beyond serum albumins, apolipoprotein Al (ApoAl) is another critical protein that
modulates nanoparticle delivery. ApoAl is the major protein component of high-density
lipoprotein and its interaction with lipid-based nanocarriers can impact the stability, choles-
terol efflux, and overall efficacy of the nanocarrier [57]. An ITC study examined the ApoAl
adsorption onto PEGylated lipid shell-coated nanoparticles with varying elasticity [58].
These nanoparticles included empty liposomes composed of 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPC) and DSPE-PEG2000 (soft), lipid shells with acrylamide
hydrogel cores (intermediate elasticity), and lipid shells with poly(lactic-co-glycolic acid)
(PLGA) cores (stiff). ITC thermograms showed a stronger ApoAl binding to nanoparticles
of intermediate elasticity while soft and stiff nanoparticles showed no ApoAl adsorp-
tion [58]. In contrast, BSA adsorption was unaffected by nanoparticle elasticity. This study
underscores the synergistic role of ApoAl and nanoparticle elasticity in modulating the
systemic circulation lifetime of lipid nanoparticles.

Although these ITC studies were conducted using various model lipids and proteins
without a unified conclusion, the ITC results collectively demonstrated that ITC is a power-
ful technique for investigating molecular interactions involving solid lipid nanoparticles.
However, the complexity of solid lipid nanoparticle compositions can complicate data inter-
pretation, where careful experimental design, proper data fitting, and thorough background
correction need to be ensured for reliable results.

3.2. ITC Applications in Liposomes

Liposomes, also known as lipid bilayer vesicles, membrane vesicles, or lipid
vesicles, are a highly promising class of biomimetic nanocarriers for drug delivery
applications [4,59]. Their unique bilayer structures enable the encapsulation of both hy-
drophilic and hydrophobic agents, including small-molecule drugs, proteins, RNA, and
DNA. Compared to solid lipid nanoparticles, liposomes feature a characteristic hollow
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core surrounded by a lipid bilayer, which provides both versatility and biocompatibil-
ity [60]. The lipids used to form liposomes can be natural and/or synthetic, commonly
including phospholipids such as phosphatidylcholine (PC), phosphatidylethanolamine
(PE), phosphatidic acid (PA), phosphatidylserine (PS), 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol)
(POPG), DOPC, DOPE, 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), cardiolipin
(CL), and 1,2-dioleoyl-3-trimethylammoniumpropane (DOTAP). ITC has emerged as a
powerful technique for studying molecular interactions involving liposomes. ITC enables
detailed thermodynamic characterization of liposome interactions with a wide range of
components, including drug molecules, peptides, proteins, and other macromolecules.
Furthermore, ITC can be employed to assess liposome stability and their interactions with
biological systems, offering valuable insights into cellular uptake and circulation behav-
ior. For example, ITC has been effectively employed to study how lipid composition and
dipole orientation influenced the properties of liposomes [61]. The following section will
elucidate the applications of ITC in characterizing structural properties of liposomes and
investigating their interactions with various biomolecules.

3.3. Membrane Solubilization and Stability

Membrane solubilization and stability are two critical factors in the design and per-
formance of liposomal drug nanocarriers, as they directly influence drug loading capacity,
release kinetics, and overall therapeutic efficacy. These properties can be finely tuned
through the incorporation of additional molecules, such as surfactants [60]. Surfactants are
commonly used for the extraction of membrane proteins, providing valuable insights into
protein structure and function [62]. Beyond protein extraction, surfactant-like molecules
integrated into lipid bilayers can serve as powerful modulators of membrane properties.
For instance, cholesterol functions as a molecular “glue” within the lipid bilayer, enhancing
membrane stability and regulating bilayer permeability. Cholesterol inclusion in liposomes
has been shown to significantly alter encapsulation efficiency and drug release profiles of
liposomes [63]. These structural modifications to the lipid membrane are typically accom-
panied by changes in system energetics, which can be directly quantified using ITC [64].
The resulting thermodynamic data can be correlated with lipid composition and structural
characteristics, providing critical insights for the rational design of stable and efficient
liposomal formulations.

The solubilization and reconstitution of liposomes by surfactants or surfactant-like
molecules play a crucial role in various technical applications, such as the isolation of mem-
brane proteins [65]. Surfactant-induced membrane solubilization is typically described by
a well-established three-stage model: (1) insertion of surfactants into intact lipid vesicles,
(2) coexistence of vesicles and mixed micelles, and (3) complete solubilization of vesicles,
resulting in the formation of mixed micelles composed of lipids and surfactants [66]. The
transitions between these stages depend strongly on the molecular shapes of both the lipids
and the surfactants involved. These transitions are also accompanied by measurable energy
changes that can be quantitatively analyzed using ITC [65]. Quantitative data on surfactant
concentrations required for membrane solubilization and stabilization provide valuable
insights into bilayer structural design. Therefore, ITC serves as an effective tool to inves-
tigate surfactant-induced solubilization and reconstruction of liposomes [67,68]. At low
concentrations, surfactants typically insert partially or fully into lipid bilayers. Depending
on the surfactant’s molecular structure, this insertion process can be either endothermic
or exothermic. As surfactant concentration increases, the lipid membrane undergoes sol-
ubilization, leading to the formation of micelle-like structures. For example, Figure 5a
shows a representative ITC thermogram obtained by titrating the nonionic surfactant alkyl
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polyethylene glycol ether (C10EO5) into POPC lipid vesicles. The thermogram clearly
demonstrates the transition from an endothermic surfactant insertion to an exothermic
micelle formation [69]. Notably, the total heat released during these reactions depends on
the reactant concentrations, even when the surfactant-to-lipid ratio remains constant. A
similar ITC study was also performed by titrating hexaethylene glycol mono-n-dodecyl
ether (C12EO6) into POPC liposomes, which showed surfactant insertion into membranes
up to a certain concentration followed by membrane solubilization into micelles. The ITC
thermograms also exhibited a characteristic transition from endothermic to exothermic be-
havior [68]. The ITC study also allows flexibility in experimental design depending on the
titration order. Titrating surfactants into membrane vesicles enables real-time monitoring
of membrane solubilization. Conversely, titrating lipid vesicles into a surfactant solution
provides insight into membrane reconstitution dynamics (Figure 5b) [69]. Compared to the
membrane solubilization studies, no distinct transition was observed in the thermograms;
however, the magnitude of the power changes clearly indicated structural alterations. These
alternative approaches offer complementary thermodynamic information for the same
lipid-surfactant system, enhancing our understanding of membrane remodeling processes.
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Figure 5. (a) Representative ITC thermograms showing the titration of the nonionic surfactant
C10EOS into POPC lipid vesicles. The data illustrate a transition from an initial endothermic process
(associated with surfactant insertion into lipid bilayers) to an exothermic process (corresponding
to micelle formation) as surfactant concentration increases. (b) ITC thermograms showing the
titration of POPC lipid vesicles into CI0EO5 solution, illustrating the vesicle reconstruction process.
(c) ITC thermograms and corresponding injection heats for titrations of Triton X-100 into liposomes
composed of pure PC, a 3:1 molar ratio of PC:PA, and pure PA. The data reveal distinct solubilization
behaviors and energetic profiles dependent on lipid composition. (a,b) Reproduced with permission
from [69], Springer Nature, Copyright 2009. (c) Reproduced with permission from [70], Elsevier,
Copyright 2020.

Furthermore, an ITC investigation involving titration of Triton X-100, a common non-
ionic surfactant, into liposomes composed of mixed egg lipids (PC and PA) highlighted
the direct influence of lipid composition on the solubilization behavior of liposomes [70].
The ratio of PC to PA was found to affect the lipid packing within the liposomes and
subsequently modulate surfactant partitioning prior to liposome disruption and micelle
formation. The ITC thermograms distinctly captured surfactant partitioning into the lipid
bilayers and micelle formation at high Triton X-100 concentrations. These two processes,
saturation and solubilization, exhibited characteristic endothermic or exothermic signals,
with the transition dependent on lipid composition, as shown in Figure 5c. ITC data
further indicated that liposomes composed entirely of PA required higher Triton X-100
concentrations for membrane solubilization compared to those made purely of PC, while
mixed lipid liposomes containing 25% PA exhibited solubilization behavior liposomes more
similar to that of liposomes composed entirely of PA [70]. In addition to lipid composition,
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liposome curvature also impacted membrane solubilization behavior. A similar ITC study
titrating Triton X-100 into DMPC vesicles demonstrated that liposomes with higher curva-
ture exhibited increased reactant enthalpy, suggesting curvature-dependent modulation of
solubilization energetics [71].

In addition to lipid composition, the thermodynamic profile, whether endothermic or
exothermic, observed during the titration of surfactants into liposomes also depends on
the types of surfactants used. Transitions from endothermic to exothermic behavior are
particularly characteristic of titrating nonionic surfactants into liposomes. In contrast, ionic
surfactants often display distinct interaction profiles. An ITC study by Keller et al. [72]
investigated the solubilization and reconstitution of POPC membrane vesicles using the
anionic surfactant sodium dodecyl sulfate (SDS). Unlike the typically endothermic partition-
ing observed with nonionic surfactants, the insertion of dodecyl sulfate anions into POPC
bilayers was found to be an exothermic process. Furthermore, the enthalpy of SDS parti-
tioning into the membrane decreased linearly with increasing temperature, highlighting
the temperature sensitivity of ionic surfactant-lipid interactions.

Similarly to surfactant insertion, other surfactant-like molecules can also integrate into
lipid membranes and modulate their properties [73]. One well-known example is choles-
terol, which intercalates between phospholipid molecules within the liposomal bilayer. This
incorporation increases membrane packing density and enhances membrane integrity, partic-
ularly under stress conditions such as prolonged storage or circulation in the bloodstream.
In addition to improving stability, cholesterol also reduces the permeability of the bilayer to
small, water-soluble molecules. This property is especially important for retaining hydrophilic
drugs within liposomes and for controlling the rate of drug release. Liu et al. [74] investigated
the effects of cholesterol on the size of PC lipid vesicles and their response to mechanical
stress. Their study showed that cholesterol incorporation increased the rigidity of the vesicles,
resulting in stronger repulsive interactions between them and enhanced resistance to shear
forces. These findings underscore the crucial role of cholesterol in improving both the physical
stability and functional performance of liposomal drug carriers.

Similarly, poloxamers, amphiphilic triblock copolymers, can interact with liposomes
and effectively partition into the lipid bilayer, a process that has been studied by ITC [75].
Like surfactants, poloxamers at low concentrations can insert into lipid bilayers without
disrupting vesicle integrity. However, at higher concentrations, they can destabilize and
disintegrate liposomes into micelle-like structures. In an ITC study, the interactions of two
block copolymers, F108 and F127, with lipid vesicles at physiological temperature were ex-
amined [76]. Both F108 and F127 are pluronic polymers (also known as poloxamers), which
are amphiphilic triblock copolymers. Both have the same general structure, but F108 has a
higher proportion of hydrophilic blocks compared to its hydrophobic block and F127 has a
larger hydrophobic block than F108. The interactions of both polymers with lipid vesicles
were found to be endothermic, in contrast to the typical exothermic behavior observed
with many ionic surfactants. Of the two, F127 exhibited a higher partition coefficient and
stronger affinity for the lipid bilayer than F108, attributed to its longer hydrophobic block.
These findings underscore that both the concentration and the hydrophobic chain length of
poloxamers significantly influence their interaction with lipid membranes and the resulting
liposome stability. Additionally, the structure of small amphiphilic molecules, such as
alkanols, can modulate membrane stability and integrity [77]. ITC studies have shown that
both the molecular shape (linear vs. branched) and chain length of alkanols affected their
interactions with phospholipid bilayers [77]. For example, branched alkanols displayed
lower binding affinity compared to their linear counterparts. Short-chain alcohols (e.g.,
ethanol with fewer than six carbon atoms) primarily interacted at the bilayer interface and
induced greater enthalpic changes. In contrast, longer-chain alcohols such as octanol exhib-
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ited restricted bilayer penetration due to their size, resulting in reduced enthalpic effects
compared to smaller alcohols like hexanol. Such thermodynamic insights are particularly
useful when considering the incorporation of short-chain alcohols as penetration enhancers
in liposomal formulations.

In addition to cholesterol and surfactant-like molecules, the interactions of charged
components, such as anionic or cationic lipids or charged macromolecules, can also enhance
liposome stability [73]. These charged components generate electrostatic repulsion between
liposomes, effectively preventing aggregation and promoting colloidal stability. Moreover,
the biophysical properties of liposomes can be further modulated through interactions
with polymeric molecules [78]. For instance, ITC has been used to study the interactions
between negatively charged liposomes and cationic dendrimers of various generations [79].
The ITC results revealed that the electrostatic interactions between dendrimers and lipid
bilayers were exothermic and dependent on the dendrimer generation, with higher genera-
tions exhibiting stronger binding due to increased surface charge density. Similarly, ITC
analysis of the interactions between chitosan, a cationic polysaccharide, and liposomes
demonstrated strong electrostatic attraction between chitosan and negatively charged
membranes, producing highly exothermic signals [80]. These interactions contributed to
the formation of stable liposome suspensions. Thermodynamic parameters such as the
equilibrium constant, binding stoichiometry, and molar enthalpy of binding were obtained
by fitting the isotherm curves under the assumption of independent binding sites. The
results also showed distinct enthalpy changes depending on whether chitosan interacted
with neutral or negatively charged liposomes, emphasizing the importance of membrane
charges in determining binding strength. Furthermore, an ITC study investigating the
interaction between DOPC liposomes and cellulose nanocrystals reported an endothermic
process that appeared independent of lipid concentration [81]. This study suggested that
non-electrostatic factors, such as hydrogen bonding and hydrophobic interactions, may
also contribute to the overall thermodynamics of lipid-polymer interactions. Through
careful adjustment of experimental conditions, ITC can also be effectively employed to
study interactions involving molecules with relatively low binding affinity [82].

In summary, the properties and performance of liposomes depend on an optimal
balance between membrane solubilization and structural stability. Excessive solubilization,
for example, due to high concentrations of surfactants, can compromise the integrity of the
lipid bilayer, resulting in leaky vesicles and reduced drug retention. Conversely, overly
rigid membranes may hinder drug release and limit cellular uptake. Therefore, maintaining
a balance of solubilization and stability is critical to ensure efficient drug encapsulation,
sustained release profiles, and structural integrity in physiological environments.

3.4. Cargo Loading into Liposomes

The structural features of liposomes enable the encapsulation of both hydrophilic
and hydrophobic drugs. Typically, hydrophobic drugs are incorporated into the lipid
bilayer, whereas hydrophilic drugs must translocate across the lipid membrane to reach the
aqueous interior compartment [83]. ITC protocols have been developed to study membrane
partitioning, translocation, and release of various compound classes by measuring mem-
brane binding and translocation behavior of compounds [83,84]. In typical ITC experiments
involving liposomes, either the test compound is titrated into the liposome suspension, or
the liposomes are titrated into the compound solution, depending on the experimental ob-
jective. For instance, Osanali et al. [85] investigated the interactions between several model
drug molecules and PC liposomes using ITC, by titrating liposomes into drug-containing
solutions. This experimental design ensured an excess of drug molecules relative to the
number of liposomes, allowing detailed assessment of binding behavior. The drugs tested



Biomolecules 2025, 15, 1349

14 of 29

in this study included ANS (1-anilino-8-naphthalenesulfonate), TPB (tetraphenylborate),
amlodipine, nifedipine, amitriptyline, nortriptyline, imipramine, desipramine, propra-
nolol, chlorpromazine, promethazine, miconazole, indomethacin, diclofenac, and diflunisal.
These 15 compounds were selected to provide a broad range of physicochemical charac-
teristics, including variations in aromaticity, molecular size, hydrophobicity, charge, and
hydrogen-bonding capacity. Such diversity enabled systematic evaluation of how distinct
molecular features govern partitioning, binding thermodynamics, and membrane destabi-
lization potential. The resulting ITC thermograms and derived thermodynamic parameters
suggested that the interactions between many of the tested drugs and liposomes were
primarily entropy-driven, indicative of hydrophobic interactions [85]. However, for less hy-
drophobic drugs such as TPB, ANS, amlodipine, desipramine, and diflunisal, the enthalpy
change was the dominant thermodynamic contribution. These findings demonstrated
that the nature and strength of drug-liposome interactions were highly dependent on the
structural and physicochemical properties of the drug molecules [85].

ITC studies can further provide valuable insights into the localization and interactions
of drug molecules with varying polarities within liposomal membranes [86]. For exam-
ple, an ITC study investigated the interactions of three drugs, erythromycin (a macrolide
antimitotic), kanamycin (an aminoglycoside antibiotic), and 5-fluorouracil (a chemothera-
peutic agent), with liposomes composed of DPPC, DSPC, and cholesterol [86]. Due to its
hydrophobic nature and bulky structure, erythromycin failed to produce a measurable ITC
thermogram, suggesting poor solubility or minimal interaction with the aqueous environ-
ment of the liposomes. In contrast, the ITC thermograms for kanamycin and 5-fluorouracil
interactions with liposomes exhibited distinct profiles. Although both compounds are
hydrophilic, 5-fluorouracil showed an endothermic interaction, whereas kanamycin dis-
played an exothermic response [86]. The data for both compounds were best fitted using a
sequential two-site binding model. The ITC thermogram for kanamycin revealed an overall
exothermic process, characterized by an initial endothermic event followed by a smaller
exothermic signal. Kanamycin also demonstrated stronger partitioning into liposomes
compared to 5-fluorouracil. This process was found to be entropy-driven, as evidenced by
the decreasing entropy change from the first to the second binding site [86]. In addition to
drug properties, the drug-to-lipid ratio significantly influenced drug-lipid interactions. For
instance, ITC was used to characterize and quantify the partitioning of two nonsteroidal
anti-inflammatory drugs, indomethacin and acemetacin, into PC liposomes [87]. The ITC
thermograms indicated exothermic interactions for both drugs, with electrostatic forces
playing a significant role across all concentrations and lipid /drug ratio ratios. However,
the magnitude of heat release depended strongly on the lipid /drug ratio: enthalpy was
constant above ~100:1 but varied and then stabilized at lower ratios. Such lipid to drug
ratios (~50:1 to 200:1) are typical for liposomal formulations and are consistent with values
reported for clinically relevant systems such as Doxil®, where excess lipid ensures drug
encapsulation stability and minimizes premature release [88].

Furthermore, ITC was utilized to characterize molecular interactions between bioactive
compounds and liposomes [89]. In this study, the influence of liposome composition on
both liposome formation and their interactions with bioactive compounds from citrus
extract and essential oils was examined. ITC analysis showed that liposomes exhibited
greater affinity for encapsulating citrus extract compared to essential oils. This was likely
due to increased surface contact between the hydrophilic components of citrus extract
and the aqueous core of the vesicles, enhancing the binding affinity. Another ITC study
of drug-liposome interaction was performed to evaluate the binding of the traditional
Chinese medicine [ingui Shengi to DPPC liposomes [90]. In this study, different drug
components, using cinnamaldehyde and loganin as representative indicators, were titrated
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into DPPC vesicles. The ITC thermodynamic data provided insights into the nature and
strength of these drug-membrane interactions, further supporting ITC as a powerful tool
for characterizing the behavior of complex drug formulations with lipid bilayers.

In addition to drug molecules, ITC can be effectively used to study the incorporation of
other functional compounds into liposomal membranes. For example, ITC was employed to
investigate the association of Hoechst 33342, a fluorescent dye commonly used for live-cell
DNA staining, with POPC lipid bilayers [91]. The enthalpy obtained from ITC data fitting
revealed that the interaction of Hoechst 33342 with POPC membranes was predominantly
enthalpy-driven at pH 5.3. In contrast, at pH 8.2, both enthalpic and entropic contributions
were found to be equally significant. These results suggest that at higher pH, the interaction
was primarily mediated by hydrophobic forces involving the neutral form of Hoechst 33342,
while at lower pH, electrostatic interactions and hydrogen bonding involving the cationic
form of the dye dominated the binding mechanism [91]. Beyond small molecules, ITC has
also been applied to investigate the interactions between PC liposomes and nanoparticles,
particularly in the development of stimulus-responsive liposomal systems. For instance,
carbon-based nanoparticles have been incorporated into liposomes to create photo respon-
sive delivery platforms [92]. These ITC studies provide valuable thermodynamic insights
into nanoparticle-lipid interactions, supporting the rational design of advanced functional
liposomes for targeted and controlled drug release.

3.5. Non-Specific Interactions of Liposomes

In the context of peptide drug delivery using liposomes, ITC studies primarily fo-
cused on two key areas: the interactions of liposomes with antimicrobial peptides and the
membrane-associating behavior of cell-penetrating peptides.

Antimicrobial peptides are typically cationic molecules that interact strongly with
negatively charged lipid membranes, primarily through electrostatic interactions. Upon
initial insertion into the lipid membrane of liposomes, some antimicrobial peptides can
form pores within the lipid bilayer [93]. This process is often followed by membrane solubi-
lization and the formation of mixed peptide-lipid micelles [93]. Such membrane-disrupting
mechanisms have proven to be an effective strategy for combating multidrug-resistant
bacteria [93] ITC has been extensively used to quantify the binding affinity of antimicro-
bial peptides to lipid bilayers, enabling direct comparisons of peptide efficiency and the
contribution of specific amino acid residues of peptide drugs [94]. ITC has been shown
to be highly effective at probing the energetics of the entire peptide-membrane interac-
tion process, including initial binding, insertion, and pore formation [95]. For example,
in an ITC study of titrating POPC/POPG (3:1) liposomes into the antimicrobial peptide,
mastoparan-X, solution, a clear exothermic-to-endothermic transition was observed [95],
where the trend of the thermograms was quite different from titrating liposome into surfac-
tant solution, as shown in Figure 6b. By adjusting the temperatures of the ITC experiments,
a key metric can be derived from data analysis, defined as zero enthalpy temperature (Tzero),
at which the enthalpy of peptide partitioning became zero. Determining T,er, through
ITC data analysis allowed for precise characterization of the thermodynamics involved
in both the formation and disintegration of membrane pores (Figure 6a) [95]. A similar
ITC study investigated the interactions between another antimicrobial peptide, PIn149,
and model membranes composed of zwitterionic and/or anionic phospholipids [96]. The
ITC results demonstrated that peptide-lipid interactions may arise from a combination
of electrostatic attraction between cationic peptides and negatively charged membranes,
peptide insertion into the polar headgroup region or hydrophobic core, and conformational
changes such as pore formation. The ITC binding thermograms of PIn149 with anionic
POPG vesicles (Figure 6b, red) showed an endothermic process [96]. The reaction enthalpy
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(AH) gradually decreased until the heat of partitioning plateaued, indicating potential
saturation of peptide-membrane binding sites. Similar behavior was observed with anionic
POPS vesicles (Figure 6b, green), although the enthalpy of partitioning was approximately
twice as high as that for POPG, suggesting stronger interactions. In both cases, the initial
increase in heat release, followed by a gradual decrease to a baseline, indicated a possible
multi-binding process. In contrast, no significant heat change was detected when PIn149
interacted with zwitterionic POPC vesicles (Figure 6b, blue), highlighting the importance
of membrane charge in cationic peptide binding. Furthermore, the presence of NaCl signifi-
cantly reduced heat generation (Figure 6¢), consistent with the disruption of electrostatic
interactions under high ionic strength conditions [96].
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Figure 6. (a) ITC thermograms of POPC/POPG (1:3) lipid vesicles titrated into a mastoparan-X
solution at 15, 20, and 25 °C, showing temperature-dependent thermodynamic profiles. (b) ITC
thermograms of lipid vesicles titrated into PIn149 solution: POPC (blue), POPG (red), and POPS
(green), highlighting the influence of lipid composition on peptide interactions. (c) ITC thermograms
of POPG vesicles titrated into PIn149 solution in the absence (red) and presence (gray) of 250 mM
Nadl, illustrating the effect of ionic strength on binding behavior. (a) Reproduced with permission
from [95], Elsevier, Copyright 2011, (b,c) Reproduced with permission from [96], Springer Nature,
Copyright 2019.

Additionally, ITC was employed to study interactions between a synthetic antibacte-
rial peptide, TxI mnAK, derived from spider venom, and liposomes composed of POPG,
CL, and 1,2-dioleoyl-sn-3-lysyl(1-glycerol) (Lysyl) [97]. In these experiments, liposome
suspensions were titrated into peptide solutions or large membrane vesicle suspensions
to mimic cell membranes. The resulting enthalpy changes indicated an exothermic inter-
action that quickly reached equilibrium. Thermodynamic analysis suggested that both
enthalpic and entropic contributions played roles in the peptide-membrane binding pro-
cess. Similarly, ITC was used to study the membrane interactions of the antimicrobial
peptide cR3W3 with various model membranes, including POPG/POPE, POPG/POPC,
and POPG/POPE/DSPE-PEG2000 [98]. The ITC thermograms showed consistent exother-
mic binding across all systems, with no substantial differences in binding affinities. How-
ever, notable differences were observed in binding stoichiometry where cR3W3 bound to
POPG/POPE membranes with a stoichiometry of approximately 4.5 lipids per peptide,
compared to 6.1 lipids per peptide for POPG/POPC membranes, suggesting variations in
membrane composition can influence peptide packing and interaction density.

Beside antibacterial peptide, the interactions of liposomes with exenatide, a tryptophan-
containing, cationic peptide drug used in the treatment of diabetes, were also investigated
using ITC [99]. Theoretically, cationic exenatide is expected to adsorb onto anionic li-
posomes, such as POPG, via electrostatic interactions. However, the obtained ITC ther-
mograms were complex and could not be accurately fitted using conventional binding
site models. This complexity likely resulted from multifaceted interactions between exe-
natide and lipid membranes. It was proposed that exenatide could initially interact with
membrane through electrostatic attractions, and subsequently, the adsorbed peptides on
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liposome surfaces could act as secondary binding sites for additional peptide molecules.
When primary and secondary binding events were analyzed separately, ITC data indicated
that secondary binding was characterized by weaker affinity and a less exothermic, or even
endothermic, thermodynamic signature [99]. Similarly, ITC was also employed to investi-
gate the association of the endogenous heptapeptide, VV-hemorphin-5 (valorphin), with
POPC bilayers [100]. The strength of valorphin—-membrane association was found to be
concentration-dependent, with stronger binding observed at higher peptide concentrations.
This enhanced association correlated with a greater impact on the mechanical properties
of the lipid bilayer, indicating that valorphin can modulate membrane characteristics in a
dose-dependent manner.

Another important category of peptide-liposome interactions involves liposome func-
tionalization by cell-penetrating peptides (CPPs), which are widely used as therapeutic
and diagnostic delivery tools [101]. CPPs are typically cationic and capable of efficient
cellular uptake, making them ideal candidates for intracellular drug delivery [102]. The
binding of these peptides to lipid membranes, as well as their cellular interactions, can
be effectively characterized using ITC [102]. For instance, Ziegler and colleagues [103].
employed ITC to investigate the binding of TAT peptides to anionic POPG membranes.
TAT, a well-known CPP derived from the transactivator of transcription (Tat) protein of
HIV-1, interacts predominantly through electrostatic attraction with negatively charged
membranes. Similarly to cationic peptides, polycationic polymers such as polyarginine and
polylysine also exhibit strong interactions with anionic lipid membranes [104]. ITC studies
demonstrated that while both polymers can penetrate lipid bilayers, polyarginine exhibited
approximately twice the binding enthalpy compared to polylysine. This study suggested
that arginine residues interacted more strongly with negatively charged membranes, likely
due to differences in the conformational behavior of the polypeptides during membrane
insertion [104].

Beyond electrostatic interactions of cationic peptides with liposomes, liposomes can
interact with molecules through other types of weak interactions. For example, ITC has been
applied to investigate membrane fusion events where liposomes composed of equimolar
amounts of the cationic lipid DOTAP and the fusogenic phospholipid DOPE were shown
to undergo efficient fusion with model vesicles made of zwitterionic POPC [105]. The
fusion process was exothermic in the absence of cholesterol, indicating that electrostatic
interactions were the dominant driving force. However, as cholesterol content increased,
particularly beyond 30%, an endothermic component emerged and eventually dominated,
suggesting a shift in the fusion mechanism. These results highlighted that membrane
fusion efficiency in the DOTAP/DOPE system was modulated by both membrane charge
and packing, reflecting conditions similar to those found in biological membranes [105].
Similarly, the interactions between a bioactive peptide, Asn-Cys-Tr, and DPPC liposomes
was investigated using ITC [106]. The thermodynamic data suggested that the binding was
predominantly entropy-driven and involved electrostatic forces, hydrogen bonding, and
hydrophobic interactions. ITC has also been used to study the interaction of amyloid beta
(AB)-(1-40) monomers with DOPC liposomes of two distinct sizes (30 nm and 100 nm),
which serve as models for membranes with high and low curvature, respectively [107]. The
ITC thermograms revealed that interactions with 100 nm liposomes were exothermic, while
those with 30 nm liposomes were endothermic and associated with larger heat changes.
Thermodynamic analysis further indicated a higher binding affinity of A3 monomers
for the 100 nm liposomes. These results suggest that membrane curvature significantly
influences A3 binding behavior, which in turn affects aggregation pathways and fibrillation
kinetics [107].
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In addition to peptide-liposome interactions, ITC has also been widely used to study
protein-liposome interactions [108-110]. Using BSA as a model protein, ITC studies re-
vealed that lipid composition significantly influences membrane properties such as de-
formability, lipid intermixing, and the formation of lipid domains. Furthermore, BSA
binding to the liposome surface was modulated by the presence of PEGylated lipids and
cholesterol [111]. These results underscore the critical role of lipid composition in govern-
ing protein-liposome interactions. Additionally, ITC has also been employed to study the
association of calcium ions (Ca%*), a representative ion commonly found in serum, with
lipid bilayers, as a function of vesicle composition and preparation method [112]. The heat
changes observed upon titrating Ca?* solution into a vesicle-containing buffer indicated
that the binding enthalpy of Ca®* to lipid vesicles composed of POPC and POPG was
highly dependent on the method used to prepare the vesicles. Specifically, vesicles pre-
pared by extrusion exhibited an exothermic interaction with Ca*, whereas those prepared
via sonication showed an endothermic binding profile. These contrasting thermodynamic
signatures are likely attributable to differences in vesicle size and structural organization
resulting from the two preparation techniques. As expected, the interactions between Ca®*
and the negatively charged phospholipid bilayers were primarily electrostatic in nature.
Furthermore, increasing the ionic strength of the buffer led to a decrease in the binding
affinity, consistent with ionic screening effects that weaken electrostatic interactions.

Although most of these reported ITC studies were based on non-specific interactions of
molecules with liposomes, the thermodynamic parameters obtained from different systems
offer valuable insights for the rational design of liposomes in drug delivery applications

3.6. Specific Interactions with Liposomes

Beyond nonspecific interactions between liposomes and macromolecules, ITC can also
be employed to investigate specific interactions of membrane proteins reconstituted into
lipid bilayers or liposomes. For example, multidrug transport proteins incorporated into
liposomes have been studied using ITC to assess the effects of lipid composition and to
quantify the recovery of functional protein under different reconstitution conditions [113].
Reconstituting membrane proteins into liposomes provides a biologically relevant envi-
ronment that facilitates the study of their binding behaviors and functional mechanisms.
The binding of ligands to membrane proteins is typically associated with measurable heat
changes, either endothermic or exothermic, which can be sensitively detected by ITC. This
technique has been applied to characterize the functional properties of the small multidrug
resistance protein, EmrE, from Escherichia coli (E. coli), reconstituted into lipid vesicles [113].
The proportion of properly folded and functional EmrE proteins within liposomes was
found to depend on the lipid composition of the vesicles. ITC measurements allowed
for direct quantification of substrate binding, thereby confirming the functional states
of the reconstituted protein [113]. Similarly, ITC has been explored as a valuable tool to
study ion-coupled membrane transporters [114]. In this study, ITC thermograms and data
fitting were used to evaluate the binding of chloride ions (C17) and protons (H*) to the
Cl~ /H" antiporter protein. The ITC analysis not only revealed the number of coupled
ions transported but also elucidated the mechanism of coupling between the ions and their
substrates [114]. Although only a limited number of studies have been reported for specific
interactions using liposomes, these investigations have clearly demonstrated the feasibility
of using ITC to quantitatively assess such interactions.

In summary, ITC is a powerful technique for elucidating the molecular mechanisms
by which ions, drugs, peptides, and proteins interact with liposomal membranes. The
thermodynamic insights are essential for optimizing liposome-based drug delivery systems
and improving the design of lipid-based nanocarriers.
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3.7. ITC Applications of Cell-Derived Vesicles

Compared to the well-studied solid lipid nanoparticles and liposomes, cell-derived
membrane vesicles are gaining increasing attention as promising nanocarriers for drug
delivery, such as EVs and cell membrane-coated nanoparticles (also known as nanoghosts).
EVs are naturally occurring, nanoscale membrane-bound vesicles released by cells as part
of intercellular communication processes [115-117]. In contrast, nanoghosts are engineered
nanocarriers, consisting of a nanoparticle core for drug encapsulation and a shell of cell
membrane derived from cells of interests [118,119]. Both EVs and nanoghosts retain sig-
nature transmembrane proteins from their parental cells, which offer unique biological
functions [120,121], such as prolonged blood circulation [122], tumor targeting [119,123],
and the ability to cross biological barriers [124]. The nanoghost platform is particularly
robust and versatile and has been explored for a wide variety of membrane types and
nanoparticle cores as potential drug delivery vehicles [118,119,125,126]. Despite the grow-
ing interest in both EVs and nanoghosts for drug delivery applications, the use of ITC to
investigate their molecular interactions with biological systems remains very limited.

The importance of EVs in biological systems is closely related to their distinct surface
protein markers, such as tetraspanins (e.g., CD9 and CD63) [113], which play a critical role
in their interactions with biological systems. Additionally, EVs carry specific membrane
proteins upregulated on parental disease cells, such as P-glycoprotein (Pgp) efflux pumps
commonly found on drug-resistant cancer cells [114]. A comprehensive understanding
of EV molecular interactions is crucial for full realization of EV potentials such as drug
delivery vehicles and diagnostic tools. Theoretically, ITC offers a powerful and versatile
approach for characterizing a range of EV-related molecular interactions, such as ligand-
protein marker interactions, cellular uptake behaviors of EVs through membrane fusion
like liposome systems. However, the inherent heterogeneity of EVs poses significant
challenges. Therefore, only one ITC study on EVs was found to investigate the specific
binding interactions between Alzheimer’s amyloid-$ (AR) peptides and EVs [127]. In
this study, EVs isolated from human plasma were titrated into Af342 or Af340 peptide
solutions of to characterize their molecular interactions. The resulting ITC thermograms
(Figure 7) suggested that both Ap42 and Ap40 bind to EVs in a sequential, specific, and
saturable manner. In addition, the interactions were endothermic, indicating an entropy-
driven binding process. These findings suggest a potential physiological role for EVs in the
transport of amyloid peptides from the brain to the bloodstream.
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Figure 7. ITC thermograms of A3 binds to EVs by titration EV solution into (a) AB40 and (b) Ap342
solution. Reproduced from [127] CC-BY 4.0.
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Although the intrinsic heterogeneity of EVs presents challenges in obtaining precise
quantitative thermodynamic parameters, ITC thermograms offer a valuable opportunity
to compare the direct binding behaviors of EVs with various biomolecules. In contrast to
well-characterized systems such as liposomes and solid lipid nanoparticles, a key distin-
guishing feature of EVs is the presence of diverse protein markers on their surfaces. By
accurately quantifying both the EV concentration and the specific surface biomarkers, ITC
has the potential to reveal the thermodynamics of ligand or drug interactions with EV
surface proteins. The reliability of the derived thermodynamic parameters will depend
on the precision of surface protein quantification. To distinguish specific from nonspecific
binding, EVs expressing different surface markers can be used as comparative controls.
While direct ITC studies on EVs remain limited, methodologies developed for liposome-
based systems and membrane proteins [23,119] can potentially be extended to EVs. For
instance, transmembrane proteins reconstructed within liposomes have been used to study
protein-ligand interactions effectively using ITC [104], which may be translated to study
ligand-biomarker interactions on EV surfaces. Additionally, studies focusing on membrane
stability and solubilization may help mimic engineered EVs for drug delivery applications.

To the best of our knowledge, no direct ITC studies on nanoghosts have been reported
to date. However, several related investigations involving cell membranes derived from
cells, particularly membrane reconstitution, offer valuable insights into the development of
nanoghost-based drug delivery systems. For example, ITC was employed to monitor cell
membrane-protein reconstitution in real time by titrating the potassium channel protein KcsA
(tetramer) solubilized in n-octyl-p-D-glucopyranoside (OG), a non-ionic surfactant, into lipid
extract from E. coli [120]. Figure 8 shows the ITC reconstitution isotherms of membrane lipid
extracts with and without the KcsA tetramers. This work demonstrated the feasibility of
using ITC to understand the impact of membrane proteins, such as KcsA, on the self-assembly
of lipid bilayers in the presence of nonionic detergents [120]. Even at low concentrations,
KcsA significantly influenced the supramolecular organization of the lipid—surfactant system,
shifting the critical lipid-to-surfactant ratios for both the onset and completion of vesicle
formation by more than twofold. the study demonstrated that ITC can be effectively used to
monitor membrane—protein reconstitution under nonequilibrium conditions. This approach
allows for real-time, noninvasive, and high-resolution tracking of the reconstitution process,
ultimately enabling the formation of functional protein within liposomes.
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Figure 8. ITC reconstitution isotherms in (a) the absence and (b) the presence of 1.5 uM KcsA tetramer
at 8 °C. Each isotherm shows the heat of reaction, Q (circles), measured during titration of 35 mM
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n-octyl-B-D-glucopyranoside (OG) with 50 mM E. coli polar lipid extract. The saturation (SAT)
and solubilization (SOL) boundaries are indicated by blue and red lines, respectively. In (b), the
uncertainty in the SAT boundary due to the presence of KcsA is represented by a light blue shaded
band. Inset: Representative thermogram showing differential power, Ap, as a function of time (¢).
The discontinuity at approximately t+ = 10 h corresponds to an increase in the injection volume.
Reproduced from [128] CC-BY.

ITC was employed to investigate the interactions between hydrolysable tannins and
lipid vesicles derived from a phospholipid extract of E. coli [129]. In this study, a diverse set
of 24 structurally distinct hydrolysable tannins was selected to identify structural features
influencing their affinity for lipid vesicles in aqueous buffered media. In general, the
interactions between hydrolysable tannins and lipid vesicles were exothermic in nature,
and ITC can effectively screen hydrolysable tannins based on their lipid-binding affini-
ties. Key structural determinants contributing to stronger lipid interactions included the
presence of galloyl groups, increased structural flexibility, higher hydrophobicity, and
greater molecular weight. Among the tested compounds, rugosins D and G exhibited
the strongest interactions with the lipid vesicles [129]. Interestingly, certain tannins with
moderate hydrophobicity, such as geraniin, chebulagic acid, and chebulinic acid, showed
no detectable binding, suggesting that hydrophobicity alone is not sufficient to confer lipid
affinity. These findings highlight the importance of multiple structural factors in governing
tannin-lipid interactions.

3.8. ITC Applications in Native Cell Membrane and Live Cells

While ITC is widely used to investigate molecular interactions of biomimetic nanocar-
riers, its application has also been explored for live, whole cells, offering new insights into
cellular processes in real time. Most available ITC studies involving live cells have been
conducted using a single-injection model, in which heat production is measured following
a single reactant injection. For example, using Chinese hamster ovary (CHO) cells overex-
pressing group I metabotropic glutamate receptors (mGluR1), an ITC study was performed
to investigate the inhibitory effects of deuterium oxide (D,0) on the IP3-mediated Ca2*
release [130]. To isolate the heat flux specifically associated with mGluR1 activation, heat
production measured from wild-type CHO cells (lacking mGluR1 expression) was used
as a baseline and subtracted from the heat signal obtained from mGluR1-expressing CHO
cells. Methodological note: When applying ITC to live cells, it is critical to account for
substantial background heat signals such as metabolic heat. This intrinsic heat can obscure
the heat changes arising from specific binding or signaling events. To minimize such effects,
live cell ITC experiments are typically performed in either water or buffer, instead of cell
growth medium, limiting cell growth and activities. Additionally, control titrations, such
as buffer injections into cell suspensions or ligand injection into cells lacking receptor of
interest, are performed to sever as background thermal powers [120-122]. For polydis-
perse vesicle samples, careful solvent matching between reference and sample cells and
extended equilibration times help to minimize baseline noise. Without these precautions,
spurious heat changes from metabolism, stirring, or dilution effects may mask the true
interaction signal. By incorporating control comparisons and baseline subtraction, ITC
can reliably probe complex systems like EVs and live cells, though the technique must
be applied with particular attention to these interference factors [123,124]. D,O is known
to influence protein activity, stability, and ligand binding through hydrogen—deuterium
(H/D) exchange. Upon stimulation with 3,5-dihydroxyphenylglycine (DHPG), an mGluR1
agonist, a significant reduction in heat production was observed in mGluR1-expressing
CHO cells in D,O compared to those in HyO (p < 0.01, Student’s ¢-test). This reduction in
heat output is believed to be linked to diminished mGluR1-mediated Ca?* release, resulting
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from D/H exchange [130]. This study not only demonstrated the feasibility of using ITC to
monitor live cell signaling events but also highlighted the utility of deuteration as a tool to
explore the role of protons in cellular signaling pathways [130].

Similarly, ITC has been successfully applied to monitor the enzymatic activity in
live bacterial cells in real time. For instance, ITC was used to assess the activity of New
Delhi metallo-3-lactamase 1 (NDM-1) expressed in live E. coli cells [131]. In this study, the
hydrolysis of the $-lactam antibiotic cefazolin by NDM-1-expressing E. coli was monitored,
while E. coli cells lacking NDM-1 served as controls. The heat released during the hydrolysis
reaction was measured by ITC and directly correlated with the enzymatic activity of NDM-1
(Figure 9a,b). In addition to activity monitoring, the study evaluated the effectiveness of
four known NDM-1 inhibitors—ethylene diamine tetraacetic acid (EDTA), D-captopril,
ebselen, and azolylthioacetamide. The inhibitory effects were quantitatively assessed using
ITC, and the resulting half-maximal inhibitory concentration values were found to be
consistent with those obtained through conventional assays [131]. A similar ITC study was
performed to effectively monitor the enzymatic activity of a D-alanyl-D-alanine dipeptidase,
VanX, expressed on E coli (Figure 9c,d) [132]. These studies demonstrated the potential
of cell-based ITC approach to screen and evaluate small-molecule inhibitors of bacterial
enzymes and to potentially identify antibiotic-resistant bacterial strains.
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Figure 9. Overlaid heat flow curves comparing (a) cefazolin hydrolysis by E. coli cells lacking NDM-1
versus (b) E. coli cells expressing NDM-1, and (c) D-Ala-D-Ala hydrolysis by E. coli BL21 control cells
versus (d) E. coli BL21 cells expressing VanX. (a,b) Reproduced with permission from [131], Copyright ©
2018 American Chemical Society, (c,d) Reproduced with permission from [132], Elsevier, Copyright 2019.

Beyond enzymatic activity, ITC has also been employed to detect heat changes asso-
ciated with the metabolic activity of cells [133]. Calorimetric thermograms have shown
distinguishable features that can be used for rapid, qualitative, or semi-quantitative eval-
uation of growth-promoting or growth-inhibiting factors in defined microbial cultures.
Additionally, thermal signatures can help identify different microbial growth phases. Over-
all, ITC has emerged as a promising analytical technique for the detection and investigation
of antimicrobial resistance [134]. It has also been used for quantitative analysis of cell
replication [135], assessment of release energy of various cancer cells [136], serving as an
indirect measure of cellular metabolism and growth.
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4. Conclusions

In summary, ITC has proven to be a powerful and effective tool for quantitatively
studying a wide range of molecular interactions involving biomimetic nanocarriers. For solid
lipid nanoparticles, ITC plays a crucial role of characterizing molecular interactions within
formulations and with biological systems, such as drug-lipid matrix interactions and protein
adsorption. Similarly, ITC studies of liposomes yield quantitative and mechanistic insights into
drug-lipid interactions that are vital for optimizing drug delivery systems. ITC also facilitates
formulation optimization by providing valuable information about membrane integrity and
interactions with various drugs (e.g., peptides, therapeutic agents). Beyond its established
applications in liposomes and solid lipid nanoparticles, this review aims to highlight and
encourage further exploration of ITC in the study of EVs, cell membrane coated nanoparticles
(nanoghosts). Its continued development could significantly impact on the future of EV-based
diagnostics and nanoghosts-mediated drug delivery platforms. Furthermore, ITC has also
demonstrated its applicability in studying live cells. Despite all potential benefits of ITC, it
advisory to further validate the data with orthogonal techniques (e.g., spectroscopy, mass
spectrometry, structural biology) when possible.
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Abbreviations

The following abbreviations are used in this manuscript:

ITC Isothermal Titration Calorimetry

EVs Extracellular Vesicles

RNA Ribonucleic Acid

mRNA Messenger RNA

BSA Bovine Serum Albumin

HAS Human Serum Albumin

DOPE Dioleoylphosphatidylethanolamine

Dlin-MC3-DMA  Heptatriaconta-6,9,28,31-tetraen-19-yl 4-(dimethylamino)butanoate
DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine

DSPE-PEG2000
PLGA

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-poly(ethylene glycol)-2000
Poly(lactic-co-glycolic acid)

ApoAl Apolipoprotein Al

PC Phosphatidylcholine

PE Phosphatidylethanolamine

PA Phosphatidic Acid

PS Phosphatidylserine

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

POPG 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol)
DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine
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CL Cardiolipin

DOTAP 1,2-dioleoyl-3-trimethylammoniumpropane
ANS 1-anilino-8-naphthalenesulfonate

TPB Tetraphenylborate

DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
DSPC 1,2-distearoyl-sn-glycero-3-phosphocholine
CPPs Cell-Penetrating Peptides

TAT Trans-Activator of Transcription

HIV-1 Human Immunodeficiency Virus type 1
NaCl Sodium Chloride

Ca?* Calcium ion

CHO Chinese Hamster Ovary cells

mGluR1 Group I Metabotropic Glutamate Receptor 1
D,O Deuterium Oxide

H,O Water

D/H Deuterium/Hydrogen exchange

DHPG 3,5-Dihydroxyphenylglycine

NDM-1 New Delhi Metallo-3-lactamase 1

EDTA Ethylenediaminetetraacetic acid

VanX D-alanyl-D-alanine dipeptidase

AR Amyloid beta peptide
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