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ABSTRACT

Thermo-responsive polymeric nanoparticles represent one of the most powerful classes of smart drug delivery
systems, thanks to their ability to translate temperature variations into precisely regulated drug-release re-
sponses. Unlike conventional carriers, where temperature acts merely as a kinetic accelerator, thermo-responsive
nanocarriers exploit temperature as an active control parameter capable of inducing structural, thermodynamic,
and transport transitions within the delivery system. The release for these systems can be rationally modulated
through three fundamental mechanisms: temperature-accelerated degradation and erosion of biodegradable
matrices, temperature-dependent transport processes governed by diffusion and solubility, and switch-like
release triggered by thermo-induced structural transitions such as lower critical solution temperature (LCST)/
upper critical solution temperature (UCST)-driven polymer collapse or lipid bilayer melting. This work critically
examines how temperature alters carrier architecture, polymer-solvent interactions, and internal transport
pathways, and how these changes can be explicitly captured through mathematical modelling. Empirical, semi-
empirical, and fully mechanistic modelling frameworks are systematically discussed, highlighting their strengths,
limitations, and physical interpretability. Particular emphasis is placed on models that couple temperature to
nanoparticle geometry, polymer thermodynamics, and diffusion dynamics, enabling a predictive description of
release behavior and continuous modulation regimes. This article proposes a rational design for next-generation
thermo-responsive nanocarriers, in which polymer chemistry, nanoparticle structure, experimental character-
ization, and mechanistic modelling are integrated from the earliest stages of material development. By unifying
thermo-responsive material design with physically meaningful release models, this review aims to provide both a
conceptual framework and a practical toolbox for the development of smart nanomedicines whose temperature-
dependent behavior can be predicted.

1. Introduction

The efficiency of stimuli-responsive NCs lies in their ability to exhibit
adaptive behaviors such as altering their aggregation state, undergoing

The use of nanoscale devices as drug delivery systems (DDSs) has
become a major focus in biomedical research [1-3]. Particular attention
has been directed toward hydrogels [4,5], polymeric microspheres
[6,7], and nanoparticles [2,8] as carriers for cell-specific targeting and
“smart” drug delivery [9]. Modern DDSs are increasingly engineered to
minimize or eliminate systemic side effects and maximize therapeutic
efficacy by operating within the drug's therapeutic window [10,11],
defined as the concentration range between the minimum effective level
(Cmin) and the maximum tolerable level (Cax) [12]. Within this context,
stimuli-responsive nanocontainers (NCs) have emerged as one of the
most promising classes of DDSs to achieve controlled drug release [13].
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chemical transformations, or displaying volume phase transitions in
response to environmental changes [14]. This “smart” behavior allows
them to release the appropriate dose of drug only when and where
required, reducing off-target effects and improving overall treatment
outcomes [15]. External triggers can be classified into physical [16] and
chemical stimuli [17]. Physical stimuli include temperature, light, ul-
trasound, and magnetic or electric fields, whereas chemical stimuli
involve variations in pH, ionic strength, or the presence of specific
biomolecules or chemical agents [18]. Fig. 1 shows the most common
physical and chemical stimuli employed in drug delivery to achieve
“smart” release behavior.
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Fig. 1. Physical and chemical stimuli for drug release. Reprinted with
permission from [19].

Temperature-sensitive DDSs are among them the most extensively
studied types of stimuli-responsive formulations [19,20]. Temperature-
dependence can dictate the behavior of DDSs in a broad spectrum of
possibilities to trigger drug release. A first important category comprises
biodegradable DDSs, in which drug release is governed by the progres-
sive degradation of the carrier material [21,22]. In these systems, tem-
perature does not act as an on-off trigger associated with a critical
transition temperature [23]. Instead, increasing the incubation tem-
perature accelerates the degradation kinetics of the delivery system
accelerates, leading to a correspondingly faster release of the encapsu-
lated drug [24]. Polymers commonly employed in biodegradable DDSs
include natural materials such as chitosan [25,26], alginate [27,28],
hyaluronic acid [29], as well as synthetic ones like polycaprolactone
(PCL) [30], poly lactic acid (PLA) [31,32] and poly(lactic-co-glycolic
acid) (PLGA) [33]. Another widely studied class of temperature-
dependent DDSs is based on thermo-responsive polymers, which un-
dergo reversible physical or chemical changes in response to tempera-
ture variations within the physiological range. Commonly used
polymers in this context include poly(N-isopropylacrylamide) (PNI-
PAM) [34,35], poly(ethylene glycol) (PEG) based polymers [36,37],
poly(oligo(ethylene glycol) methacrylate) (POEGMA) [38]. Impor-
tantly, many of these temperature-responsive polymers are used as
building blocks for polymeric nanoparticles, particularly amphiphilic
block copolymers that self-assemble into supramolecular structures in
aqueous environments composed of a hydrophobic core and a hydro-
philic shell [39,40]. In this core-shell configuration, the core serves as a
reservoir for the therapeutic agent, while the surrounding polymeric
shell functions as a protective barrier against chemical degradation,
enzymatic attack, and mechanical stress [41]. The hydrophobic core
enables high drug-loading efficiency, whereas the hydrophilic shell en-
sures colloidal stability in physiological media and regulates drug
release kinetics by providing specific properties such as Lower Critical
Solution Temperature (LCST) or Upper Critical Solution Temperature
(UCST) behavior [42]. Although drugs may localize in both compart-
ments, the core remains the predominant site of encapsulation [43].

Overall, this two-layered organization enhances drug-loading ca-
pacity and enables precise temporal and spatial control over drug
release [44]. A further prominent class of temperature-sensitive DDSs is
represented by thermo-sensitive liposomes (TSLs) [45]. In these systems,
temperature directly regulates drug release through the lipid bilayer
phase transition occurring at the melting temperature (Tm) [46]. When
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the temperature increases beyond Tm, the membrane undergoes a
transition from a rigid gel phase to a liquid-crystalline phase, leading to
a pronounced increase in bilayer fluidity and permeability [47,48].
Fig. 2 and Table 1 provide a schematic overview of the release mecha-
nisms discussed above.

To regulate and optimize drug delivery from these carriers over time,
it is essential to study drug release profiles, which describe the kinetics
of drug diffusion from the nanoparticle into the external medium [49].
These processes can be accurately reproduced through in vitro experi-
ments [50,51].

DDSs should not be regarded as a “black boxes” but as a physical
systems in which drug release occurs through one or more well-defined
mechanisms [52]. These may include diffusion [53], polymer erosion
[54,55], matrix degradation [56-58], and biological absorption or up-
take [59,60]. Mathematical and computational modelling plays a crucial
role in enhancing the understanding of drug delivery systems by eluci-
dating how different mechanisms and design parameters influence drug
release [61]. Predictions derived from in silico studies can be used to
optimize the formulation, geometry, and manufacturing process of the
final dosage form [62,63]. Mathematical models help predict the rate,
extent, and mechanisms of drug release from delivery systems, thereby
accelerating the development of optimal pharmaceutical formulations
by reducing the need for extensive experimental testing [64,65]. In this
context, mathematical models are generally classified as either
empirical/semi-empirical or mechanistic [52]. Empirical and semi-
empirical models often lead to relatively simple mathematical expres-
sions, they typically describe drug release through power-law equations
where the exponent provides insight into the underlying release mech-
anism [66,67]. In contrast, mechanistic models have gained increasing
attention due to their ability to incorporate complex physicochemical
phenomena [68,69]. These models account for multiple coupled pro-
cesses using fundamental balance equations and parameters with
explicit physical and chemical meaning [70]. This facilitates a direct
connection between model variables and the intrinsic temperature-
dependence of the drug carrier. The aim of this review is to provide a
comprehensive and mechanistically grounded overview of the most
commonly employed DDSs whose behavior is related to temperature,
with particular emphasis on how temperature governs drug release
through well-defined physicochemical mechanisms. Rather than treat-
ing temperature simply as an external parameter that accelerates or
slows down release kinetics, this work focuses on clarifying the role of
temperature as an active driving force of structural, thermodynamic,
and transport phenomena within the carrier.

Representative classes of temperature-dependent DDSs are exam-
ined, with attention dedicated to identify how temperature influences
drug transport with particular emphasis placed on temperature-induced
structural transitions of the delivery system (e.g., matrix degradation,
changes in nanoparticle size or shell thickness, phase transitions in lipid
bilayers) and on the thermodynamic principles that govern these
transformations when relevant. Beyond describing the underlining
mechanisms of drug release, a central aim is to critically analyze the
state of the art in mathematical modelling of temperature-dependent
drug release. For each DDS considered, the most relevant empirical,
semi-empirical or mechanistic model available in the literature are
discussed, with a specific focus on how temperature is incorporated into
the governing equations whether through kinetic laws, thermodynamic
parameters, structural descriptors, or coupled transport processes. While
numerous studies address either thermo-responsive materials or math-
ematical models of drug release, the explicit connection between
temperature-driven structural and thermodynamic changes in DDSs and
their mathematical description remains fragmented across the litera-
ture. One of the key contributions of this work is therefore to bring these
elements together within a unified conceptual framework. In this sense,
the novelty of the present review lies in establishing clear, physically
meaningful links between temperature, carrier structure, thermody-
namics, and drug-release modelling across different classes of DDSs. By
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Fig. 2. Temperature-dependent mechanisms of drug release from nanocarriers.

Table 1
Comparative overview of temperature effects on drug delivery systems: mech-
anisms and structural changes.

System class Temperature Dominant Structural change
role mechanism
. - e Increased
Biodegradable Kinetic Diffusion, . .
. . porosity, chain
nanoparticles accelerator degradation Lo
scission
LCST/UCST Critical Polymer collapse, Coil-to-globule
polymeric diffusion transition,
. threshold . .
nanoparticles modulation dehydration
Thermo-sensitive Critical 1;/[;:;2;‘1: G:I_ts(z:l]l?::éd
liposomes threshold P Y Ty

increase transition

doing so, this article is intended to serve both as a reference for re-
searchers seeking to model temperature-dependent drug release and as a
conceptual guide for the rational design of thermo-responsive delivery
systems whose behavior can be predicted, optimized, and ultimately
controlled through modelling.

2. Modelling frameworks for temperature-dependent drug
release

A key milestone in this field was reached in 1961, when Professor
Takeru Higuchi [71], a pioneering figure in physical pharmacy, intro-
duced the Higuchi equation [72,73]. This model provided a simple yet
rigorous description of drug release kinetics using semi-empirical prin-
ciples and laid the theoretical foundation for the mathematical charac-
terization of drug release from polymer-based dosage forms [73,74].
Since Higuchi's influential contribution, mathematical models for drug
release have evolved from simple empirical equations to complex
mechanistic descriptions capable of capturing multiple, simultaneous
physicochemical processes. These models differ not only in their

mathematical structure but, more importantly, in the depth of physical
insight they provide into the underlying release mechanisms. While
early empirical formulations were mainly developed to fit experimental
data [75,76], later generations of models aimed to describe drug release
using mass-balance principles, transport theory, polymer physics, and
thermodynamics [77,78]. As a consequence, the modelling landscape
today spans a broad variety: from purely descriptive relations, useful for
rapid data interpretation, to fully mechanistic frameworks that explic-
itly include diffusion, degradation, swelling, erosion, dissolution, and
interfacial phenomena [77,79].

In the context of temperature-dependent systems, this distinction
becomes particularly important. Temperature does not simply accel-
erate diffusion or degradation; instead, it can induce abrupt structural
transitions, such as matrix liquefaction [22,80], polymer—solvent phase
separation [81-83], collapse of polymers [84,85], or melting of lipid
bilayers [86,87]. These transitions fundamentally alter the transport
pathways available to drug molecules. Therefore, incorporating
temperature-dependency into drug release models requires a framework
that can capture both smooth kinetics and discontinuous, switch-like
transformations. To rationalize the wide variety of mathematical ap-
proaches proposed for the description of temperature-dependent drug
release, it is useful to examine the construction and formulation of both
empirical and mechanistic modelling approaches, focusing on how
temperature is incorporated into drug release predictions. The devel-
opment of an empirical model typically begins with the collection of
experimental data under controlled conditions, such as drug release
profiles measured at different temperatures or incubation times. These
data are then processed using statistical or regression-based methods,
often treated as a “black box,” in which the internal physicochemical
mechanisms are not explicitly described. Instead, mathematical func-
tions are fitted to the experimental outputs to capture observed patterns
and dependencies. Once calibrated, empirical models can be used to
interpolate or extrapolate trends within the experimental domain, of-
fering rapid predictions with minimal computational effort. However,
their predictive power is inherently limited to conditions similar to those
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Fig. 3. Schematic representation of: a) Empirical modelling workflow. b) Mechanistic modelling workflow.

used for model fitting, and their parameters usually lack direct physical
meaning. In contrast, mechanistic modelling is rooted in a fundamental
understanding of the system and explicitly incorporates the governing
physical and chemical principles that control drug release. The devel-
opment of a mechanistic model begins with a detailed characterization
of the system, including material properties, geometry, and the relevant
transport or transformation processes. These features are then translated
into governing laws, such as thermodynamic relationships, diffusion
equations, or degradation kinetics.

Based on this understanding, an appropriate mathematical frame-
work, often involving ordinary or partial differential equations, is con-
structed to describe the underlying mechanisms. Model setup further
requires the definition of boundary and initial conditions, as well as the
selection of suitable numerical methods for solution. Experimental data
are subsequently used for parameterization and calibration, ensuring
that model constants retain a clear physical interpretation. Once vali-
dated, mechanistic models enable simulation of different scenarios,
exploration of parameter sensitivity, and mechanism-based predictions
beyond the original experimental conditions. These models account for
multiple coupled processes using fundamental balance equations and
parameters with explicit physical and chemical meaning. This facilitates
a direct connection between model variables and the intrinsic
temperature-dependence of the drug carrier. Fig. 3 summarizes the steps
needed for the development of both an empirical and a mechanistic
model for the description of drug delivery from nanocarriers.

The following sections examine the main modelling strategies
adopted in the literature for the description of the most common
temperature-dependent systems for drug delivery. A summary is pro-
vided in Table 4.

2.1. Biodegradable nanoparticles

Biodegradable polymers have been extensively investigated as
promising materials for drug encapsulation and delivery, attracting
significant attention within the pharmaceutical industry [88-90]. This
class of materials are characterized by low inflammatory potential, good
permeability, and excellent therapeutic compatibility, making them
highly suitable candidates for modern drug delivery applications [88].
Biodegradation is the process through which a polymer or material is
progressively broken down into smaller, non-toxic molecules by bio-
logical and/or physicochemical mechanisms occurring under physio-
logical conditions [91,92]. In drug delivery systems, this mechanism
typically proceeds through hydrolysis of labile chemical bonds [93]
(such as ester, carbonate, anhydride, or amide linkages) and/or enzy-
matic catalysis [94], ultimately producing biocompatible by-products
that can be metabolized or excreted by the body [91,95]. Biodegrada-
tion alters the structural integrity, porosity, and mass of the carrier,
thereby modulating drug release kinetics through simultaneous matrix
erosion, chain scission, dissolution, and structural relaxation [96].
Biodegradable polymeric matrices represent a useful starting point for
understanding temperature effects in drug delivery systems, both
conceptually and mathematically. In such systems, drug release pro-
gressively increases with incubation temperature. From a kinetic point
of view, this behavior is attributed to the fact that higher temperatures
accelerate both enzymatic and non-enzymatic degradation processes,
thereby enhancing matrix breakdown and facilitating drug diffusion
[97]. PLGA nanoparticles are used in the section below as a represen-
tative example to illustrate the modelling strategy for systems in which
drug release progressively increases with incubation temperature.
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Their well-characterized temperature-dependent degradation and
diffusion behavior makes PLGA an ideal model platform for outlining
how thermal effects can be incorporated into mechanistic release
models.

2.1.1. PLGA nanoparticles

Poly(lactic-co-glycolic acid) (PLGA) nanoparticles represent one of
the most widely investigated biodegradable platforms for controlled
drug delivery [80,98]. PLGA is a copolymer composed of lactic and
glycolic acid monomers connected by hydrolytically labile ester bonds,
which enable predictable degradation under physiological conditions
[99]. When dispersed in aqueous media, PLGA chains aggregate into
solid, spherical nanoparticles characterized by a compact hydrophobic
polymer matrix which works as a reservoir capable of encapsulating a
broad range of therapeutic agents, including hydrophobic drugs and,
with appropriate formulation strategies, hydrophilic molecules [100].
To improve their biological performance, PLGA nanoparticles are
frequently PEGylated, meaning that a layer of polyethylene glycol (PEG)
chains is grafted or adsorbed onto their surface [101-103]. This PEG
shell confers a hydrophilic corona that minimizes protein adsorption
(opsonization) and reduces recognition by the mononuclear phagocyte
system [104]. As a result, PEGylation significantly prolongs bloodstream
circulation time, increasing the chances that the nanoparticles reach
their intended biological target before being cleared [105]. Structurally,
a PLGA nanoparticle behaves as a bulk-eroding polymeric matrix
[106,107]. Water penetrates into the interior of the particle, initiating
hydrolytic cleavage of ester linkages throughout the matrix rather than
only at the surface [106,108,109]. Their degradation products, lactic
and glycolic acid, are naturally metabolized via the Krebs cycle,
ensuring excellent tolerability and safety [110]. This internal chain
scission progressively reduces polymer molecular weight, increases
porosity, and ultimately leads to mass loss and erosion.

As a consequence, PLGA nanoparticles can potentially exhibit multi-
stage release behavior, typically characterized by an initial burst release,
followed by a degradation-relaxation phase of the polymer matrix, and
ultimately a diffusion-controlled (Fickian) stage [111,112]. However,
this sequence is not universal. Depending on formulation parameters
and degradation kinetics, PLGA systems may display mono-, bi-, or tri-
phasic release profiles, reflecting different relative contributions of
diffusion and polymer degradation mechanisms. As illustrated in Fig. 4,
Type I corresponds to a monophasic release arising from a single ho-
mogeneous phase. Type II exhibits a biphasic behavior, characterized by
an initial burst followed by a plateau-like, near zero-order release stage.
In contrast, Type III displays a triphasic profile consisting of (i) an initial
burst release, (ii) a subsequent diffusion-controlled phase, during which
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Fig. 4. Typical profiles of drug release including different release phases.
Reprinted with permission from [113].
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drug transport is governed by diffusion through a relatively dense
polymer matrix with limited porosity, and (iii) a final accelerated stage
dominated by polymer degradation, where chain scission, increased
porosity, and matrix erosion markedly enhance drug mobility [113].

Although several mathematical models have been developed to
describe these release behaviors, temperature is often neglected or
treated as a constant parameter. Explicit incorporation of temperature-
dependent effects can substantially enhance both the predictive capa-
bility and the mechanistic interpretability of these models. In this
context, temperature may act either as a kinetic accelerator or as a
variable capable of altering the dominant release mechanism, depending
on the relative importance of polymer degradation. This dual role is
particularly evident when comparing diffusion-dominated and
degradation-driven PLGA systems. In the work of Sunazuka et al. [114],
where polymer degradation is negligible over the experimental time-
scale, temperature primarily accelerates drug release without altering
the overall shape of the release profile. The system exhibits a typical
biphasic behavior, consisting of an initial burst followed by a diffusion-
controlled phase. In this study drug release is described by the analytical
solution of Fick's second law of diffusion for spherical systems, corrected
to account for the initial burst contribution:

M, 6 1 ?n’Dt
M- {lnz ;ﬁexp(*T

where M; and M,, are the mass of the drug released at time t and that at

time approaching infinity, respectively, D is the drug diffusion coeffi-

Mburse
M,

drug released during the initial burst phase. In this approach, the effect
of temperature was accurately captured through an Arrhenius-type
dependence of the effective diffusion coefficient which shows the rela-
tionship among the drug diffusion constant (D), the absolute tempera-
ture (T), and the activation energy (Ea) at that temperature as shown in
Eq. (2).

*(1—b)+b ¢))

cient, r is the radius of the sphere and b =

represents the fraction of

E,
D= Doexp< — ﬁ") 2)

In contrast, the study by Shafiee et al. [115] demonstrates that when
polymer degradation becomes significant, temperature fundamentally
reshapes the release curve.

At low temperatures (4-25 °C), the system exhibits diffusion-
dominated, biphasic release profiles similar to those observed in non-
degrading nanoparticles. However, at higher temperatures (>37 °C),
the release profile transitions to a characteristic triphasic behavior, with
a reduced initial burst, a shortened diffusion phase, and a markedly
accelerated degradation-driven stage. This transition is associated with
enhanced water uptake and a strong acceleration of hydrolytic degra-
dation, as evidenced by the rapid decrease in polymer molecular weight.
To capture this complex behavior, Shafiee et al. employed a multi-
mechanistic model combining distinct release contributions:

r2

fO) =fi(l-e™)+f (1 —% g%exp( -

ekat—Katmax
+f3

1+ ekat—katmax

nznth)
(3)
) +f4 (kptn 4 )

Here, f(t) represents the cumulative fraction of drug released, while
f1,f2,f3, and f; denote the relative contributions of burst release, diffu-
sion, degradation, and post-degradation transport, respectively, with
their sum equal to unity. The parameters k;, k4, and k, are kinetic con-
stants associated with burst release, degradation, and the Peppas model,
respectively; D is the effective diffusion coefficient, t,,, is the charac-
teristic time of the degradation phase, r is the system radius, and n, is the
diffusional exponent of the Peppas model. Unlike diffusion-controlled
systems, where temperature dependence can be captured through a
single Arrhenius relationship applied to the diffusion coefficient, this
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multi-stage model requires several parameters, including diffusion co-
efficient (D), degradation kinetics constants (kp, k4, and kp), and the
characteristic time of degradation (t,), to be treated as temperature
dependent, each following a distinct Arrhenius behavior. This reflects
the fact that, in degradation-driven systems, temperature does not
merely accelerate release but also modifies the relative contribution of
the underlying mechanisms, ultimately reshaping the release profile
itself.

A similar approach has been demonstrated in the work of Lucero-
Acuna et al. [112], where the three stages of the release profile are
described as follows: the initial burst is represented by a first-order ki-
netic equation; the degradation-relaxation phase is captured through
the Prout-Tompkins model; and the diffusion-controlled (Fickian) stage
is evaluated using a general mass balance formulated in radial co-
ordinates, owing to symmetry considerations. The governing equation
obtained from coupling these three release mechanisms can be
expressed as shown in Eq. (4).
M,

—:abufexm—kbt)]w,{

exp[k:(t — tmax) | }
Moo

1+ explk;(t — tmax) ]
6 1 7°1n%D,t
17?;?’3@(77# >

where M(t)/Moo represents the drug fraction released, t is the release
time, O, 0, and 0, are the contribution fractions of initial burst, nano-
particle degradation-relaxation, and diffusion mechanisms, respec-
tively, over the total mass drug release. The effect of temperature on the
initial burst constant (kp), the degradation-relaxation rate constant (k;),
the time required to reach 50% drug release (tax), and the effective
diffusion coefficient (D) were evaluated using equations based on the
Arrhenius model. For all the models described above, parameter esti-
mation can be performed by fitting the model to experimental release
data collected at a minimum of three different temperatures, using a
nonlinear least-squares algorithm implemented in MATLAB® (Math-
Works, USA), thereby ensuring reliable identification of temperature-
dependent parameters.

G
+ 64

2.2. Thermo-responsive polymeric systems (LCST/UCST)

When discussing thermo-responsiveness in polymeric nanoparticles
for drug delivery, polymers exhibiting Lower Critical Solution Temper-
ature (LCST) or Upper Critical Solution Temperature (UCST) behavior
are of primary interest [116].

LCST polymers become insoluble in water above a specific critical
temperature, while UCST polymers become insoluble below a certain
critical temperature [117-119]. Among LCST systems, poly(N-
isopropylacrylamide) (PNIPAM) is the most extensively investigated
and widely recognized prototype for drug delivery applications, thanks
to its coil-to-globule transition in aqueous media at approximately 32 °C,
a temperature close to physiological conditions [120-123]. Below its
LCST, PNIPAM chains remain hydrated and expanded as a result of
favorable hydrogen-bonding interactions with surrounding water mol-
ecules [124,125]. When the temperature exceeds the LCST, these in-
teractions weaken, leading to dehydration of the polymer chains,
collapse into a compact globular state, increased hydrophobicity, and
reduced polymer—solvent affinity [19,126]. This abrupt conformational
transition has important consequences for controlled drug delivery. As
polymer solubility decreases, the chains reorganize to minimize contact
with the aqueous environment, often resulting in particle shrinkage,
chain aggregation, or structural collapse of the carrier matrix [84]. Such
temperature-induced rearrangements can destabilize drug—polymer in-
teractions, expel water from the network, and shorten diffusion path-
ways, thereby promoting the release of encapsulated payloads [127].
Recent literature further demonstrates the rapid development of
thermo-responsive intelligent drug-delivery carriers incorporating
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PNIPAM, moving beyond conventional single-function polymeric sys-
tems. For example, hybrid PNIPAM-based microgel platforms have been
engineered to couple thermal responsiveness with disease-specific
functional performance, such as modulation of aqueous lubrication in
osteoarthritis-related nanocarriers [122]. Likewise, multifunctional
systems based on PEG-g-PNIPAM-coated nanoMOFs or core-shell
nanoMOFs@microgel have shown that thermo-responsive swelling/
collapse can be integrated with controlled drug release and additional
therapeutic functions, including anti-inflammatory activity [124,125].
In the oncology field, magnetic cellulose-grafted P(NIPAM-co-DMAEA)
nanocarriers have further illustrated how LCST-triggered release can be
combined with pH sensitivity and magnetic targeting, enabling
enhanced cisplatin release under acidic and mildly hyperthermic con-
ditions [123].

These studies highlight a clear trend toward advanced hybrid
nanocarriers in which thermo-responsiveness is embedded within
multifunctional, intelligent delivery platforms rather than treated as an
isolated material property. Beyond PNIPAM, several other LCST poly-
mers have been explored to broaden the design space of thermo-
responsive nanocarriers. Poly(oligo(ethylene glycol) methacrylate)
(POEGMA) and related OEG-based methacrylates are particularly
attractive because their LCST can be finely tuned over a broad range
(~26-90 °C) by adjusting side-chain length, copolymer composition,
and hydrophilic-lipophilic balance, while also showing improved
biocompatibility and reduced thermal hysteresis compared with PNI-
PAM [38,128,129]. This compositional tunability makes POEGMA de-
rivatives especially suitable for designing systems that respond close to
mild hyperthermia or physiological temperature. Another relevant LCST
polymer is poly(N-vinylcaprolactam) (PNVCL), a non-ionic and water-
soluble material often considered a biocompatible alternative to PNI-
PAM [130]. Its phase-transition temperature can be modulated through
copolymerization with hydrophilic or ionic monomers, allowing
responsive behavior across a wide temperature window [131,132].
Owing to its low toxicity and reversible collapse in aqueous media,
PNVCL has been widely investigated for smart micelles, nanogels, and
drug carriers [133,134]. The typical reported release behavior for LCST-
triggered nanocarriers is a biphasic profile consisting of an initial rapid
burst, followed by a slower sustained stage governed by diffusion of
molecules entrapped deeper within the collapsed carrier structure
[40,135]. The incorporation of thermo-responsive behavior into math-
ematical models remains particularly challenging because drug release
is often not a smooth or gradual function of temperature. Rather, the
transition frequently occurs over a relatively narrow thermal window
around the critical solution temperature, where abrupt changes in
polymer hydration, chain conformation, and carrier permeability can
produce switch-like variations in release kinetics. Capturing this
discontinuous behavior requires specific modelling strategies, which can
be implemented using different mathematical formulations depending
on the complexity and physical assumptions of the model.

2.2.1. Empirical and semi-empirical models

These approaches describe drug release as a function of time using
equations that contain empirical parameters [76]. To incorporate
thermo-responsiveness into such models, a common strategy is to eval-
uate how these empirical parameters change with temperature. In the
study by Ribeiro et al. [136], drug release from an LCST-based system
consisting of folic-acid-functionalized PNIPAM-co-PEGMA-co-allyl-
amine crosslinked nanoparticles (FANPs) was analyzed by fitting the
experimental DOX release profiles at 37 °C and 40 °C to two classical
empirical models: the Higuchi model [137] and Korsmeyer-Peppas
[138,139]. The mathematical expressions for the two models are pre-
sented in Eq. (5) and (6), respectively.

M, 2CoDet
= \ T =Kt 5)
o (7.4
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This equation is specifically applicable to porous matrices that are
initially saturated with the drug. Where M(t)/Moo represents the drug
fraction released, t is the release time, Cq is the concentration of the
diffusing drug in the porous matrix, D is the diffusivity in the matrix
medium, ¢ is the porosity of the matrix and 7 is its tortuosity factor. On
the right-hand side of the equation, all terms related to concentration,
diffusion, tortuosity, and porosity are assumed to be constant and are
grouped into a single parameter, Ky, known as the Higuchi constant.

L K ©

Where n is the time exponent indicative of the drug release mecha-
nism as explained in Table 2, and K is a constant that depends on the
shape and geometric characteristics of the drug carrier vesicle or matrix.

The empirical parameter values, below/near and above the LCST,
obtained by Ribeiro and coworkers are reported in Table 3.

The use of only two temperature points (37 and 40 °C) does not
permit reconstruction of the full continuous LCST transition. However, it
still offers a comparative snapshot of carrier behavior under two rele-
vant thermal states: below/near and above the responsive region.
Despite this simplification, the comparison remains mechanistically
informative because it captures how release behavior changes across
temperatures in the vicinity of the LCST, where the most pronounced
structural variations are expected to occur. Together, the temperature-
dependent evolution of Ky, K, and n provides a coherent quantitative
picture of LCST-triggered behavior. In particular, the marked increase in
Ky and K, coupled with a decrease in n above the LCST, reflects the
switch-like nature of thermo-responsive diffusion: transport becomes
faster overall, yet increasingly constrained within a collapsed polymer
network. This combination of trends is consistent with diffusion
remaining the dominant release mechanism, though under non-ideal
conditions.

In fact, values of the release exponent below the theoretical Fickian
limit for spherical systems (n = 0.43) are frequently reported in the
literature and are generally interpreted as indicative of diffusion-
controlled, but hindered, transport. For example, Hahn et al. [151] re-
ported n values as low as 0.38 in nanoparticle-polymer composites and
attributed them to Fickian diffusion occurring under retarded conditions
rather than to a different mechanism. Similarly, Pu et al. [152] described
n < 0.43 as characteristic of pseudo-Fickian behavior, reflecting con-
strained or slowed diffusion rather than the absence of diffusion-driven
release. In thermo-responsive systems, this deviation has a well-defined
physical origin: above the LCST, the polymer undergoes a coil-to-globule
transition, resulting in a collapsed, less hydrated, and structurally het-
erogeneous network [127,153,154]. This conformational change leads
to a reduction in free volume and an increase in tortuosity of the
diffusion pathways, all of which contribute to hindered mass transport
[153]. Consequently, diffusion remains the prevailing release mecha-
nism, but proceeds under increasingly constrained conditions, as re-
flected by the lower n values. Overall, these observations highlight that
LCST polymers naturally exhibit switch-like, diffusion-dominated
release profiles, and that classical kinetic models, when interpreted with
appropriate physical insight, can effectively capture the mechanistic
impact of thermally induced structural transitions. According to this
modelling strategy, the temperature-dependent behavior of the empir-
ical parameters in these models can be represented as a step function,

Table 2
Release exponent n of the Peppas equation and drug release mechanism from
polymeric controlled delivery systems of different geometry [52].

Thin film Exponent, n Drug release mechanism
Cylinder Sphere

0.5 0.45 0.43 Fickian diffusion

05<n<1.0 0.45 <n < 0.89 0.43 <n < 0.85 Anomalous transport

1.0 0.89 0.85 Polymer swelling
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Table 3
Fitting of the FANPs drug release kinetic models.

Temperature Higuchi Korsmeyer-Peppas

R? Ky R? K n
37°C 0.8580 7.47 0.9482 14.45 0.324
40°C 0.6737 11.96 0.9438 30.28 0.251

treating the regions below and above the critical temperature as distinct
regimes. The Higuchi constant, shown in Eq. (7), can be taken as a
representative example.

KH swollen T< TLCST
KH collapsed s T > TLCST

Ku(T) = { @

While mathematically convenient, the step-function representation
should be interpreted only as an idealized first-order approximation.
The LCST transition is not a true mathematical discontinuity; rather, it
occurs over a finite temperature interval that depends on copolymer
composition, concentration and environmental conditions, within
which polymer hydration, conformation, and permeability change
rapidly.

As a result, the system may exhibit an apparently switch-like
response in the vicinity of the transition temperature. Although a step
function can be useful as a simplified limiting case, a sigmoidal
expression generally provides a more realistic mathematical description,
as it captures the continuous yet steep variation of the release-related
parameters across the LCST region [155]. A possible sigmoidal repre-
sentation is given in Eq. (8) for the Higuchi constant.

O ®

Where Kpcoapsed and Kpgwoen are the Higuchi constants corre-
sponding to the nanoparticle state above and below the LCST respec-
tively, the parameter k governs the sharpness of the temperature-
induced transition in the Higuchi constant. It can be regarded as a
phenomenological descriptor of the cooperativity of the LCST response.
Specifically, larger k values correspond to a steeper and narrower
transition region, consistent with a more cooperative coil-to-globule
collapse and a more abrupt change in polymer hydration, perme-
ability, and transport properties. In contrast, smaller k values indicate a
broader transition interval, which may reflect reduced cooperativity or
increased heterogeneity in polymer composition, crosslinking density,
or local microenvironment. From a thermodynamic perspective, k can
therefore be viewed as an empirical indicator of how sharply polymer-
—solvent compatibility changes with temperature in the LCST region,
that is, how rapidly the system evolves from the hydrated, swollen state
to the collapsed, poorly solvated state. While demonstrated here for the
Higuchi constant, the proposed sigmoidal framework can be extended to
most empirical and semi-empirical release models by expressing their
temperature-dependent parameters as continuous functions across the
LCST region. Importantly, this allows each fitted parameter to serve as
an indirect indicator of the physicochemical processes underlying the
LCST transition, including changes in polymer—solvent compatibility,
hydration, structural collapse, and transport resistance.

2.2.2. Mechanistic models

However, when developing mechanistic models, this is not enough.
Mechanistic models are constructed from fundamental principles,
incorporating all relevant transport and physicochemical mechanisms.
When the temperature crosses the LCST or UCST, the polymer matrix
undergoes a conformational collapse, resulting in a denser shell struc-
ture and reduced permeability. In addition to this, once the transition
temperature is crossed, the polymer becomes more hydrophobic and
collapses, reducing water content and shortening the diffusional path
length within the nanoparticle. Collectively, these structural changes
result in a faster drug transport toward the surrounding medium. For
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Table 4
Drug release models summarized description.
Model Principle & Description Advantages Limitations Reference
.. . .. Drug release described by analytical expressions Simple implementation; low No mechanistic
Empirical / semi-empirical . . . .
. . fitted to experimental data; temperature-dependence computational cost; useful for rapid background; parameters o
release models (Higuchi; R . . ! K . [73,139]
incorporated indirectly through temperature- comparison of release profiles at lack direct physical
Korsmeyer-Peppas) L . .
dependent fitting parameters different temperatures meaning;
Inad te fi
Temperature dependence introduced through Physically intuitive; suitable for C;;: Tg)?z:d (i)rrr:l(l)JEZr
Arrhenius-type kinetic models Arrhenius expressions for degradation and diffusion biodegradable systems where P g [112]

rate constants

Flory-Huggins thermodynamic
framework

Polymer—solvent miscibility governed by yFH(T,¢);
predicts LCST/UCST and phase separation

Drug transport described by coupled

temperature-dependence
behavior
Requires extensive phase-
behavior data and complex
fitting procedures
Requires detailed geometric

temperature accelerates kinetics

Physically grounded; directly links
temperature to solubility and phase
behavior

[82,140,141]

Explicit coupling between structure,

Core-shell diffusion models diffusion-reaction equations in spherical core-shell data; increased [142]
geometry, and transport . .
geometry mathematical complexity
A: ingle sharp Tm;
Thermo-sensitive liposome Heat transfer governs bilayer melting, defining lag Captures phase-transition-triggered SSUmES 4 Sing'e s arp m
. . . neglects sub-transition [143]
models time and ON/OFF permeability release and lag time
leakage
Table 5
Experimental techniques for proper parameter estimation.
Parameter Physical meaning Role in temperature-dependent Experimental technique Notes Reference

modelling

)

Nanoparticle size and
morphology

Temperature-dependent
particle dimension
(hydrodynamic or physical
radius)
Cloud-point Temperature at which phase

temperature Tcp separation begins at a given
(D) concentration
Flory-Huggins Thermodynamic indicator of

Directly affects diffusion length,
surface-to-volume ratio, and geometry
in diffusion and core-shell models

Identifies critical transition region for
thermo-responsive behavior DLS

Links temperature to solubility, phase

DLS, TEM, cryo-TEM DLS provides R(T) in hydrated
conditions; microscopy
validates morphology and

core-shell structure

[127,144,145]

UV-Vis turbidimetry, Tcep definition must be stated [81,146]
(onset, inflection, or fixed
transmittance criterion)
Indirectly obtained from xru reconstructed by enforcing [82,140]

interaction polymer-solvent behavior, and structural transitions cloud-point data and equality of chemical potentials
parameter ypy compatibility binodal fitting
(T,$)
Effective drug Drug transport rates within Control temperature-dependent Drug-release experiments Extracted by fitting release [142,147,148]
diffusion carrier release kinetics coupled with UV-Vis or profiles at different
parameters HPLC quantification temperatures
Drug solubility Cs(T) Saturation concentration of Enters diffusion—dissolution and UV-Vis spectroscopy, Determined under equilibrium [149]
drug in release medium solubility-limited models HPLC conditions at controlled
temperature
Thermal transition Characteristic temperatures Define sharp transition behavior in DSC (polymers and DSC provides transition [150]
temperatures of phase or conformational thermo-responsive systems lipids) temperature and transition
transitions sharpness
this reason, when modelling these types of thermo-responsive drug de-
livery systems, it is essential to introduce a relationship between tem- AG = AH—TAS = RT (% Ing, +1(/'Tzln(p2 + X fﬂz) 9)

perature and nanoparticle size. This relationship originates from the
reduction in polymer solubility once the critical temperature is reached,
which drives polymer chain collapse, particle shrinkage, or aggregation.
The modelling strategy can be outlined as shown in Fig. 5: first, describe
the dependence of solubility on temperature; then, relate solubility to
nanoparticle size.

2.2.2.1. Step 1: solubility and temperature (Flory-Huggins theory). From a
thermodynamic perspective, in LCST-type polymers, dissolution in the
external medium is energetically favorable below the transition tem-
perature because the Gibbs free energy of mixing is negative [156]. This
is primarily due to favorable enthalpic contributions from hydrogen
bonding and a relatively low entropy of mixing. However, as the tem-
perature rises above the LCST, hydrogen bonds between the polymer
and water molecules are disrupted, and bound water is released. This
results in an increase in the enthalpy contribution, while the entropy
term decreases due to the released water molecules [157]. The com-
bined effect of these changes causes Gibbs free energy of mixing to
become positive, driving the polymer from a soluble to an insoluble
state. The Gibbs free energy of mixing for a polymer—solvent system can
be described using Flory—Huggins theory [158,159], as shown in Eq. (9).

Where AG is the free energy of mixing per unit volume, AH is
enthalpy of mixing per unit volume, AS is the combinatorial entropy per
unit of volume, R is the gas constant, T is the absolute temperature, ¢,
and @2 and N; and N are the volume fractions and relative molar vol-
umes of component 1 (solvent) and component 2 (polymer) respectively,
and yry is the Flory-Huggins interaction parameter. Within this frame-
work, the enthalpic contribution, is proportional to the Flory—-Huggins
interaction parameter (ypy) and the product of solvent (¢,) and polymer

Step 1: Solubility and Temperature

e

[ Xeu(T))

Step 2: Solubility and Size

Temperature

Polymer Volume Fraction

Fig. 5. Two-step modelling strategy.
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(¢,) volume fractions. When ygy is low, polymer-solvent interactions
are sufficiently favorable to compensate the entropy loss associated with
mixing long polymer chains, resulting in a negative Gibbs free energy of
mixing and complete miscibility. In opposition, when ypy rises above a
critical value, the free energy becomes positive, promoting phase sep-
aration and reduced polymer solubility. Quantitatively, values of ygy
significantly greater than 0.5 are generally indicative of nonsolvency
[160].

For this reason, ypy is widely employed as a thermodynamic indi-
cator of polymer—solvent compatibility and as a fundamental parameter
for constructing phase diagrams, including binodal and spinodal curves
[161]. A widely adopted and computationally convenient formulation of
the Flory-Huggins interaction parameter (ypy) expresses it as the
product of a temperature-dependent factor, D(T), and a concentration-
dependent factor, B(¢2), such that:

(T, 92) = D(T)B(¢5) (10)

Where, according to the work by C. Qian et at. [140] the two factors
can be expressed as shown in Eq. (11) and (12).

D(T) = dy + & an
B(py) = 1+by1gpy +bagp? 12)
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Where the prime and double prime denote two different phases. Eq.
(14) and (15) must be solved simultaneously to obtain the binodal curve.
This approach allows the parameters of the ypy expression to be deter-
mined consistently with phase equilibrium data. In particular, allowing
for the successive development of the complete phase diagram as shown
in Fig. 6: spinodal curve and critical point can be identified according to
Eq. (16) and (17).

2
SPINODAL : (0 AZG ) =0 (16)
093 ) 1p
N N
CRITICAL POINT : (0 2G> = <() 3G> =0 17
003 ) rp 003 ) rp

Once the phase diagram is complete with binodal curve (found
experimentally), spinodal curve and critical point, the dependency of
solubility on temperature is clear. It is now important to proceed by
linking solubility to nanoparticle size.

It is important to note that, to accurately describe LCST behavior,
d; < 0, whereas for UCST behavior, d; > 0. The coefficients b; and d;
can be determined through a fitting procedure of experimental data of
critical solution temperatures and polymer concentrations along the
liquid-liquid coexistence curve (or binodal curve). The expression
adopted here represents only one possible temperature- and
composition-dependent form of the Flory-Huggins interaction param-
eter. Across the thermodynamics literature, many alternative ypy for-
mulations have been proposed to address the limitations of the classical
model. As highlighted by Chang and Bae [162], accurate descriptions of
LCST behavior require explicitly accounting for strong, directional
specific interactions, particularly hydrogen bonding, whose temperature
dependence cannot be captured by the simple ypy o 1/T relation. Jung
and Bae [82] extended this approach by introducing a specific-
interaction parameter based on oriented segment-segment contacts,
showing that such improved models can reproduce LCST, closed-loop
miscibility, and other complex phase behaviors inaccessible to the
classical theory.

Knowing that, at a given temperature, the liquid-liquid coexistence
curve, or binodal curve, intersects at two points which represent the
compositions of the coexisting equilibrium phases, the fitting procedure
can be carried out by imposing the equality of the polymer's chemical
potential in the polymer-rich and polymer-poor phases and by conse-
quently determining the corresponding parameters of the interaction
parameter expression.

0AG
Mgy = ( ) a3
on; T.Pn;
Apy = Ay a4
Ay = Dty as)

2.2.2.2. Step 2: solubility and size. In the model developed by Cowen
et al. [141], the Flory-Huggins interaction parameter is directly linked
to nanoparticle dimensions, establishing a quantitative connection be-
tween solubility and particle size. This study demonstrated that nano-
particle formation is controlled by the relative position of ypy with
respect to the spinodal boundary for phase separation. To quantify this,
they introduced the parameter ygp;n,qa Shown in Eq. (18).

A/YSpinodal =X — }(Spinodal (1 8)

Where yin04a Tepresents the minimum yry required for spontaneous
phase separation, at a given composition, through spinodal decompo-
sition and it can be evaluated once the whole phase diagram is known.
Within this regime characterized by Aygioq0 > 0, Cowen et al. observed
a linear relationship between the hydrodynamic diameter (D) and
AXspinodat- This correlation was established by measuring the

Metastable region Spinodal line
(Nucleation & Growith) C°AG -
Unstable region L 2¢°
Spinodal decompog
'(JA;G % .
&9 o°AG _0‘
. cg°
Binodal line S st
(Phase equiibium)  * Critical points
. Yé‘'AG é&'AG )
O
oG oG A
Y82

o¢ o¢

Fig. 6. Binodal and spinodal phase diagram and the corresponding Gibbs free
energy curve of a binary mixture with a lower critical solution temperature
(LCST). Reprinted with permission from [81].
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hydrodynamic diameter of the synthesized nanoparticles using Dynamic
Light Scattering (DLS). At each composition, the corresponding Flor-
y-Huggins interaction parameter was calculated using the previously
derived expression.

Then, by plotting the hydrodynamic diameter against the calculated
xra and consequently the Ayg,..q4a values, the relationship between
nanoparticle size and polymer—solvent interaction parameter was
determined. This method can be repeated at different temperatures.
However, it is important to note that the condition Ayg,iyoqa > 0 does
not necessarily imply immediate or purely spontaneous demixing in real
polymer systems. While this condition defines the thermodynamic
instability of the homogeneous phase, the actual evolution of phase
separation is strongly influenced by kinetic factors such as polymer
chain mobility, solution viscosity, degree of entanglement, and the rate
at which the system is driven into the unstable region [163,164]. As a
result, the development of concentration fluctuations and the resulting
morphology may deviate significantly from ideal spinodal behavior,
particularly in polymer systems where diffusion is intrinsically slow and
constrained by chain connectivity and entanglement effects [165]. In
light of this, it is important to emphasize that the observed linear rela-
tionship between Ayginoqm and nanoparticle diameter should not be
interpreted as a universal thermodynamic law [166]. While Aygyioda
represents the thermodynamic driving force for phase separation, the
final particle size is the result of a complex interplay between thermo-
dynamics and kinetics [164]. In particular, Aygpoqa controls the depth
of the system within the unstable region and therefore influences the
rate of growth of concentration fluctuations and the characteristic
length scale associated with spinodal decomposition [167]. However,
the ultimate nanoparticle size depends on kinetic factors such as diffu-
sion rates, coarsening dynamics, and the possible arrest of phase sepa-
ration [163]. As a result, this linear trend should be interpreted as an
empirical relationship that holds only under specific conditions: within a
limited range of polymer fraction and for systems undergoing spinodal-
type phase separation [141]. Indeed, when working below the spinodal
threshold (Aygyineaa < 0), pPhase separation does not proceed sponta-
neously, as the system lies in a metastable regime where a free-energy
barrier must be overcome.

In this region, phase separation can only occur if two conditions are
satisfied: (i) the system is thermodynamically driven toward demixing, i.
e., it lies above the binodal boundary (Aygi,o4a > 0), and (ii) a kinetic
pathway is available to overcome the nucleation barrier, for instance
through the presence of suitable nucleation sites As a result, phase
separation in this regime follows a nucleation-and-growth mechanism,
in contrast to the barrierless spinodal decomposition observed when
AXspinodal > 0 [167]. This implies that phase separation requires over-
coming a free-energy barrier for the formation of stable nuclei, making
the resulting morphology highly sensitive to processing conditions such
as heterogeneities, nucleation sites, and external perturbations. In
addition, factors such as finite quench rates and mass transport limita-
tions can significantly affect both nucleation density and subsequent
growth dynamics [163,166]. Although both regimes are governed by an
interplay between thermodynamics and kinetics, spinodal decomposi-
tion leads to the formation of concentration fluctuations with a well-
defined characteristic size, corresponding to the typical spatial scale of
the emerging polymer-rich and polymer-poor domains [164]. This
length scale is directly influenced by the thermodynamic driving force
and, if phase separation is kinetically arrested at an early stage, it can be
preserved and reflected in the final nanoparticle size. By contrast,
nucleation-and-growth processes do not exhibit a predefined structural
length scale, as particle size results from stochastic nucleation events
and subsequent growth dynamics, and is therefore strongly dependent
on processing conditions rather than uniquely controlled by Ayg;,oqal
[168]. As a result, while Ayg,i,o4. may lead to a clear linear correlation
with nanoparticle size in systems undergoing spinodal decomposition (i.
e., in the absence of a nucleation barrier), the equivalent Ayp;. o4, CaNNOt
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provide a reliable relationship. In practice, many polymer systems
exhibit behavior that lies between ideal spinodal decomposition and
classical nucleation-and-growth regimes, forming a continuum rather
than two sharply separated mechanisms [164]. In particular, kinetic
arrest phenomena may prevent the system from reaching its equilibrium
phase-separated state.

Increasing viscosity, reduced diffusion rates, chain entanglement, or
vitrification-like transitions can effectively “freeze” the evolving
morphology at early stages of phase separation [165,168]. Under these
conditions, the final nanoparticle size reflects the transient character-
istic length scale of concentration fluctuations rather than equilibrium
thermodynamic predictions. Taken together, these considerations sug-
gest that the relationship between thermodynamic driving forces and
nanoparticle size must account for the specific kinetic pathway followed
during phase separation. In addition to this, the nanoparticle size ob-
tained from DLS and used in the present framework represents a hy-
drodynamic diameter rather than a purely geometric quantity
[144,169]. In thermo-responsive polymer systems, this effective size
includes contributions from both the polymer structure and its sur-
rounding hydration shell and is therefore strongly influenced by
temperature-dependent polymer-solvent interactions [170]. As a
consequence, the measured size reflects different physical states of the
system: a swollen and highly hydrated configuration below the LCST,
and a collapsed, less solvated structure above it. In the vicinity of the
LCST, where the transition occurs over a finite temperature range, DLS
measurements may further represent an apparent or averaged dynamic
structure, potentially influenced by coexistence of partially collapsed
and swollen domains, as well as by transient aggregation phenomena
[127,171]. Consequently, variations in particle size with temperature
should not be interpreted solely as geometric expansion or contraction,
but rather as the combined result of structural rearrangement, dehy-
dration, and changes in polymer chain conformation [172]. This
distinction is particularly relevant when coupling nanoparticle size to
thermodynamic parameters such as yg, since the resulting size reflects
an effective, transport-relevant dimension rather than a fixed physical
boundary. In this context, the hydrodynamic diameter should be inter-
preted as the characteristic length scale governing mass transport,
implicitly incorporating both structural and solvation effects. Taken
together, these considerations highlight that temperature-induced var-
iations in solubility and nanoparticle size are deeply interconnected.

A decrease in ypg enhances polymer-solvent affinity, promoting
swelling and increasing the effective particle radius, whereas an increase
in ypy has the opposite effect, favoring polymer collapse and shortening
the diffusion pathways within the carrier. Because solubility and ge-
ometry are tightly coupled, any realistic description of drug release must
treat these quantities not as fixed constants, but as dynamic,
temperature-dependent properties that shape the internal mass-
transport phenomena of the nanoparticle. A natural way to incorpo-
rate this physicochemical knowledge into a mechanistic framework is
through continuum-scale models that explicitly account for nanoparticle
geometry. A particularly illustrative example is the two-layer core-shell
model developed by Pontrelli et al. [142]. In their formulation, the
nanocarrier is represented as a spherical structure composed of a drug-
loaded core surrounded by a responsive polymeric shell. Drug transport
is described through coupled nonlinear partial differential equations for
dissolution and diffusion in the core, and diffusion-reaction kinetics in
the shell, while the geometry is defined by the inner and outer radii (Ro
and R+) and it enters directly into the governing equations and boundary
conditions. As a result, changes in nanoparticle size or shell thickness
have an immediate and quantifiable impact on the release behavior: a
larger core increases the diffusion distance; a thicker shell enhances the
barrier effect; and differences in volume fractions modulate the relative
contributions of dissolution, diffusion, and drug retention. This explicit
coupling between structure and transport makes the Pontrelli model
especially valuable for thermo-responsive systems. Once ypy(T)-driven
variations in polymer-solvent affinity are known, the resulting changes
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in solubility and nanoparticle size can be naturally introduced into the
geometric and kinetic parameters of the model. In this way, the ther-
modynamic principles discussed in the previous section find a direct
mathematical expression, enabling the model to capture how tempera-
ture simultaneously influences particle morphology and drug mobility.
Extending such a framework to thermo-responsive nanocarriers there-
fore represents a promising route toward more predictive release models
capable of describing the switch-like behavior characteristic of LCST and
UCST polymers.

2.3. Thermo-sensitive liposomes (TSLs)

Liposomes are spherical vesicles formed by membrane bilayer
composed by phospholipids surrounding an aqueous core [104]. This
unique structure allows for the encapsulation of both hydrophilic and
lipophilic drugs: hydrophilic compounds are entrapped within the
aqueous interior, while lipophilic molecules are incorporated into the
lipid membrane [173,174]. In the case of thermo-sensitive liposomes
(TSLs), drug release occurs at the phase transition temperature (Ty,) of
the lipid bilayer [175,176]. At this temperature, the lipids transition
from a solid gel phase to a liquid-crystalline phase, leading to a signif-
icant increase in membrane fluidity. The bilayer becomes more perme-
able to water and drugs in the liquid-crystalline state than in the gel
phase [177,178]. The solid-liquid phase transition of the liposomal
membrane offers an exceptional opportunity for achieving intelligent,
temperature-triggered drug release. Similar to what has been described
for LCST and UCST polymer systems, Fig. 7 shows how thermo-sensitive
liposomes exhibit an “ON/OFF” release mechanism around their phase
transition temperature (Tp,). Below Ty, the membrane is in the gel phase
and exhibits low permeability, while above Ty, the transition to the
liquid-crystalline phase greatly enhances drug diffusion.

The main challenge in the mathematical modelling of such systems
lies in accurately incorporating this discontinuous “ON/OFF” behavior
into the model, ensuring that the abrupt change in permeability and
release rate across the transition temperature is properly represented.
The work of Mohammad Sirousazar [143] provides a solid foundation
for the mathematical description of the phase-transition behavior of the
phospholipid bilayer. This system is modelled as a spherical drug de-
livery platform consisting of three concentric layers: an inner drug core,
an intermediate phospholipid bilayer shell and an outer protective
polymeric shell. The outer polymeric shell (e.g., PEG [179,180], poly-
dopamine [181]) is assembled on the liposomal surface to enhance
colloidal stability, control drug release, and introduce stimuli-
responsiveness, giving rise to so-called polymer-modified or polymer-
caged liposomes [182,183]. In this model, the system is assumed to be
in thermodynamic equilibrium with the release medium prior to the
onset of operation (t = 0). Under these conditions, the bilayer shell is
entirely in the solid phase, preventing drug diffusion; the system is
therefore considered to be in its “OFF” state. When the temperature is
suddenly increased above the phase transition temperature (T,) att =0,
the shell begins to gradually liquefy as heat is transferred from the
surrounding medium to the liposome. During this process, a two-phase
region, comprising both solid and liquid-crystalline domains, forms
within the shell. Although the system is thermally activated and tech-
nically in its “ON” state, no drug release occurs until the shell is fully
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Fig. 7. Drug release at the phase transition temperature (Tm).
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liquefied, at a time specified as tjag. For times longer than t,g, the drug
molecules can dissolve within the liquefied shell and subsequently
diffuse into the surrounding release medium. The mathematical
modelling of the described drug delivery system in the ON state was
carried out by solving the governing heat and mass transfer equations
under pseudo-steady-state conditions, together with the appropriate
boundary conditions for each layer. Thermo-responsiveness is intro-
duced indirectly in this model: the temperature field obtained from the
heat transfer equations enables the calculation of the melting-front po-
sition R(t), the corresponding lag time t,; required for complete lique-
faction of the intermediate shell and the moment at which drug diffusion
can effectively begin.

Basically, heat transfer determines both the geometry and the
boundary conditions of the following mass-transfer problem, since the
diffusion equations become applicable only once the entire shell has
reached the phase transition temperature T,. Therefore, the heat-
transfer solution provides the temporal and spatial framework govern-
ing the onset and rate of drug release in the ON state and thus represents
a prerequisite for any accurate modelling of thermo-responsive systems.
Subsequently, solving the mass transfer equations allows for the defi-
nition of an expression for the cumulative amount of drug released in the
ON state from the time tj,, to any given time t:

M, — 411DL(135 ) 19)
norn
Where 7 is the time constant of the system:
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Where Dy, and Dp are the diffusion coefficients of the drug molecules
in the liquefied intermediate and polymeric shells, respectively, Cg is the
concentration in the drug core assumed constant over time, rj, rp and r3
are the radiuses of the drug core, intermediate shell and polymeric shell,
respectively and S is the surface area of the system (S = 4zr%). Obtaining
the rate of undesired drug release of the drug remaining inside the
polymeric shell from the ON state is the main purpose in the modelling
of the system in the OFF state. It is supposed that the system is in the OFF
state at any arbitrary time t (t > t. > tj,g). The fractional release of drug
molecules from the polymeric shell as a function of time in the OFF state
can be determined as:
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Where My is the cumulative amount of released drug in the OFF
state, M ‘oo is the the total amount of drug available inside the polymeric
shell at the starting time of the OFF state, n is a parameter defined on
geometrical characteristic of the system:

n="2_m2_1 22)
rs rs

3. Experimental methods for temperature-dependent model
calibration

In the section above, the most common systems exhibiting
temperature-dependent drug-release behavior have been described.
Across the different modelling strategies proposed in the literature, a
recurring feature is the need to determine system-specific parameters
experimentally for each case under investigation. Since the aim of this
review is to provide a comprehensive toolbox for describing thermo-
responsive systems, it must therefore also include guidance on how to
experimentally evaluate all the parameters required by these models. A
variety of experimental techniques can be employed to explore how
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temperature affects nanoparticle size, polymer-solvent interactions,
matrix structure, and ultimately drug-release kinetics. These methods
are essential not only for identifying key thermal transition points such
as LCST, UCST, or lipid melting temperature but also for quantifying the
parameters that enter mechanistic models. In practice, the choice of
technique depends on the specific system under investigation: polymeric
micelles, lipid-based nanocarriers, and degradable particles each require
different characterization approaches. The following subsection sum-
marizes the most widely used experimental tools for characterizing
thermo-responsiveness. The goal here is to highlight which measure-
ments are most relevant for parameterizing mathematical models and
how they inform the physical interpretation of temperature-dependent
release. A comprehensive summary is presented in Table 5.

3.1. Nanoparticle size and geometry

A central aspect of thermo-responsive nanocarriers is the way their
size and morphology evolve with temperature. Many of the modelling
approaches discussed in this review treat particle radius, shell thickness,
and internal structure as key parameters that directly influence the
effective diffusion distance and the accessibility of different transport
pathways. Since these geometrical properties often change with tem-
perature, they must be quantified experimentally under the same ther-
mal conditions used in release modelling. Among the available
techniques, Dynamic Light Scattering (DLS) is by far the most widely
used tool for monitoring temperature-dependent changes in nano-
particle size [184]. DLS measures the fluctuations in scattered light in-
tensity caused by the Brownian motion of the particles and, through the
Stokes-Einstein equation, provides an estimate of their hydrodynamic
diameter, which reflects not only the polymeric structure but also the
solvation layer [169]. By performing temperature-controlled DLS mea-
surements, it is possible to obtain size-temperature profiles that capture
swelling, deswelling, collapse transitions characteristic of thermo-
responsive systems [185]. For LCST-type polymers, for example, DLS
typically reveals a sharp decrease in hydrodynamic radius at the tran-
sition temperature [127], while in degradable matrices a more gradual
radius change may be observed [186]. Beyond simple diameter esti-
mation, DLS can also provide information on polydispersity index (PDI)
and the presence of aggregates or structural rearrangements that may
occur across thermal transitions [187]. A rise in PDI upon heating, for
instance, can indicate the onset of partial aggregation or heterogeneous
collapse features that are important for interpreting deviations from
ideal modelling assumptions such as homogeneous particle structure.
From a modelling perspective, the temperature-dependent particle
radius R(T) obtained from DLS directly feeds into the geometrical terms
of diffusion equations, affecting factors such as diffusion path length,
surface-to-volume ratio, and shell thickness in core—shell configurations.

In models based on the Pontrelli et al. [142] framework, for example,
changes in R(T) or shell thickness with temperature modify both
boundary conditions and internal diffusion domains, thereby influ-
encing dissolution and release kinetics. Consequently, DLS provides
essential quantitative input for mechanistic models aiming to incorpo-
rate thermo-responsive size transitions in a physically meaningful way.
It is important to note that the size obtained from DLS corresponds to the
hydrodynamic diameter, which includes not only the polymeric core but
also the surrounding solvation layer [170]. In thermo-responsive sys-
tems, this quantity is inherently temperature-dependent and reflects
changes in polymer hydration, chain conformation, and solvent quality.
As a result, DLS measurements may not represent a fixed geometric
particle size, but rather an effective, dynamic dimension that varies
between swollen (below LCST) and collapsed (above LCST) states [144].
While DLS provides rapid and quantitative information on temperature-
dependent size variations, a complete understanding of thermo-
responsive nanocarriers also requires direct visualization of their inter-
nal morphology. Transmission Electron Microscopy (TEM) and, more
specifically, cryogenic TEM (cryo-TEM) are indispensable tools for this
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purpose, as they allow the nanoscale structure of the particles to be
imaged with high spatial resolution [145,188]. These techniques pro-
vide information that cannot be captured by scattering-based methods
alone, including particle shape, internal compartmentalization, shell
thickness, and morphological changes induced by temperature
[144,189]. Conventional TEM is typically performed on dried samples
and is therefore well suited for revealing core-shell architectures,
polymer density gradients, or distinct domains within block-copolymer
assemblies. In thermo-responsive systems, TEM imaging can be used to
assess whether heating induces structural rearrangements such as shell
compaction, partial collapse of the corona, or aggregation into larger
superstructures. For degradable nanocarriers, TEM can also capture
erosion patterns, pore formation, and fragmentation of the matrix, of-
fering valuable insights into the structural consequences of hydrolytic or
enzymatic degradation [190]. Cryo-TEM, by contrast, allows nano-
particles to be imaged in a vitrified, fully hydrated state, preserving their
native morphology and avoiding drying artefacts [191,192].

This makes cryo-TEM particularly powerful for characterizing
temperature-dependent transitions in aqueous environments, such as
the coil-globule collapse of LCST/UCST polymers or the reorganization
of lipid bilayers in thermosensitive liposomes. By preparing samples at
different temperatures immediately prior to vitrification, it is possible to
capture snapshots of the system across its thermal transition, revealing
changes in shell thickness, core density, internal ordering, or the pres-
ence of phase-separated domains. These structural fingerprints help
validate whether the assumed geometrical representations used in
modelling such as spherical symmetry, uniform shell thickness, or ho-
mogeneous density are consistent with the real system. In combination
with DLS, cryo-TEM/TEM provides a robust structural dataset for
informing mechanistic models. Whereas DLS yields the hydrodynamic
radius R(T), microscopy reveals the true physical radius, the core-shell
thicknesses, and the spatial distribution of polymer segments, all of
which are critical for defining the diffusion domains used in continuum
formulations. For example, the shell thickness measured via cryo-TEM
can be directly incorporated into the model as the width of the dif-
fusion-reaction layer, while temperature-induced densification
observed in images can justify changes in the effective diffusivity or
porosity of the shell. Thus, cryo-TEM/TEM serve as essential comple-
mentary techniques for translating the structural dynamics of thermo-
responsive carriers into quantitatively grounded model parameters.

3.2. Polymer-solvent thermodynamics

Thermo-responsive drug-delivery systems fundamentally rely on
how polymer-solvent interactions evolve with temperature. These in-
teractions determine whether a polymer remains fully hydrated and
expanded or instead collapses into a compact, poorly solvated state.
Because the Flory-Huggins interaction parameter ypy and its tempera-
ture dependence cannot be measured directly, experimental thermody-
namic characterization must rely on observable data that reflect changes
in polymer solubility.

The key measurable quantity is the liquid-liquid coexistence (bino-
dal) curve, constructed from cloud-point temperatures. When phase
separation begins, the system reaches the cloud-point composition, yet
the equilibrium phase on the opposite side of the tie line appears only in
infinitesimal amounts meaning its composition cannot be directly
sampled, making experimental determination of the full binodal un-
feasible. The most common approach consists in enforcing the equality
of chemical potentials at each experimentally measured composition. In
this framework, the problem reduces to solving a system of two equa-
tions with two unknowns, allowing the determination of the corre-
sponding composition of the coexisting phase at the same temperature,
together with the value of the Flory—Huggins interaction parameter, ygy,
at that temperature. By repeating this procedure for all available
experimental data points, the temperature and composition dependence
of ypy can be reconstructed. An alternative strategy consists in the
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computational reconstruction of the binodal curve by interpolating the
experimentally accessible cloud-point data. This can be achieved using
suitable mathematical representations, such as polynomial fitting, spline
interpolation, or parametric fitting routines implemented in numerical
environments such as MATLAB. This interpolation effectively recreates
the full binodal curve, allowing every experimentally measured
composition to be paired with its corresponding equilibrium composi-
tion on the opposite branch. Once these reconstructed coexistence points
are available, the equilibrium conditions can be applied as explained in
section 2.2.2.1. By imposing equality of the polymer's chemical potential
across the two phases and solving the resulting system of equations, the
adjustable parameters appearing in ypu(T, ¢) can be identified. In this
way, experimental phase-behavior data become quantitatively linked to
the thermodynamic model, enabling ypy to be evaluated consistently
and ultimately allowing its temperature dependence to be incorporated
into mechanistic descriptions of thermo-responsive drug release. UV-Vis
turbidimetry is the most commonly employed method for determining
the cloud point (Tcp) temperature and building the liquid-liquid coex-
istence curve of thermo-responsive polymer solutions.

Its widespread use is largely due to the simplicity and accessibility of
the technique: the measurements can be carried out using a standard
UV-Vis spectrophotometer equipped with temperature control. To
perform the measurement, a polymer solution is prepared in water,
transferred into a suitable cuvette, and placed in the spectrometer. A
controlled heating program is then applied, during which the trans-
mittance of light through the solution is continuously monitored. As the
temperature surpasses the Tcp, phase separation occurs: polymer-rich
droplets form and become dispersed in the polymer dilute continuous
phase. These droplets scatter incident light, resulting in a sharp drop in
transmittance. A critical aspect of turbidimetry is defining which point
on the transmittance curve corresponds to the Tcp. The literature pre-
sents various definitions, including the onset of transmittance decline,
the temperature at 80% or 50% transmittance, and the inflection point
of the turbidity curve [146]. The Tcp can be measured across a range of
polymer concentrations, plotting the observed Tcp values against con-
centration gives the cloud point curve, which reflects how phase
behavior varies with composition. By monitoring the transmittance of a
polymer solution while the temperature is gradually increased or
decreased, one can quantify the temperature at which the system un-
dergoes a coil-globule transition, phase separation, or aggregation
which are all manifestations of a rising ygy that renders polymer—solvent
interactions unfavorable. For modelling purposes, cloud-point curves
allow the reconstruction of qualitative or semi-quantitative ypy profiles,
helping identify the temperature range in which solubility changes are
most significant. Turbidimetry therefore serves as a practical link be-
tween thermodynamics and model inputs such as polymer solubility,
swelling behavior, and discontinuities in diffusivity. In addition to size
measurements, DLS can track the intensity of scattered light as a func-
tion of temperature. During the coil-to-globule transition, a sharp rise in
scattering intensity is typically observed, due to the fact that the in-
tensity is proportional to the sixth power of particle diameter (I « d®),
according to the Rayleigh approximation. This increase in particle size is
accompanied by a rise in the refractive index contrast between the
concentrated (dispersed) phase and the surrounding dilute phase,
further enhancing scattering.

In contrast, hydrated polymer chains below the Tcp have a refractive
index close to that of water, resulting in minimal scattering. As a result,
the intensity of scattered light can increase by several orders of
magnitude upon heating through the Tcp, making DLS a highly sensitive
method for detecting the coil-to-globule transition [193]. The Tcp is
determined as the intersection between two linear regressions of the
scattering intensity as a function of temperature: one describing the low-
temperature baseline corresponding to the homogeneous solution, and
the other describing the steep intensity increase observed at higher
temperatures due to the onset of aggregation and phase separation [81].
Alternatively, Tcp is often defined as the temperature at which
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approximately 50% of the aggregation process has occurred, corre-
sponding to the midpoint of the transition [194]. Fig. 8 shows the
different approaches for the experimental determination of the cloud
point temperature.

3.3. Diffusion and solubility parameters

A critical requirement in the modelling of thermo-responsive carriers
is the evaluation of parameters governing drug diffusion and solubility
within the nanoparticle matrix. These quantities are sensitive to tem-
perature and must be measured experimentally under well-controlled
thermal conditions in order to be used reliably in both empirical/
semi-empirical and mechanistic release models. The most common
approach involves drug release assays performed at different tempera-
tures, coupled with quantification of the released drug by UV-Vis
spectroscopy [147,195,196] or HPLC [148,197,198]. Release experi-
ments can be conducted using dialysis membranes [199,200] or direct
sampling of the release medium [201]. By fitting the resulting release
profiles with analytical or numerical solutions, ranging from Higuchi-
type models to the continuum formulations discussed in Section 2, one
can extract effective values of the diffusion coefficients and dissolution
rates, as well as infer the solubility-limited release behavior character-
istic of many thermo-responsive systems. UV-Vis spectroscopy is one of
the most commonly used analytical tools for quantifying drug concen-
tration during release experiments and for determining the temperature
dependence of drug solubility. In a typical release study, samples of the
external medium are collected over time while the system is maintained
at a controlled temperature, and the absorbance of the released drug is
measured at its characteristic wavelength [147]. By converting absor-
bance to concentration using a calibration curve, UV-Vis provides the
time-resolved concentration profiles needed to estimate diffusion-
related parameters such as the effective diffusivities and dissolution
rates. Because measurements can be performed at different tempera-
tures, UV-Vis quantification allows the construction of release curves
that directly reveal how transport kinetics accelerate, decelerate, or
transition across thermal stimuli. UV-Vis spectroscopy is also central for
evaluating temperature-dependent drug solubility, typically through
equilibrium shake-flask methods [149,202].

By incubating a known excess of drug release medium at a fixed
temperature and measuring the concentration of dissolved drug after
equilibration, one obtains the saturation concentration required by
diffusion—dissolution models such as those introduced in Section 2.
High-performance liquid chromatography (HPLC) is the gold-standard
technique for quantifying drug concentration in thermo-responsive
release studies, particularly when the drug lacks a strong UV-Vis
absorbance peak, when multiple species are present, or when degrada-
tion products or excipients interfere with optical measurements. In a
typical temperature-controlled release experiment, aliquots of the
release medium are periodically withdrawn and injected into the HPLC
system. By separating the analyte from other formulation components,
HPLC enables accurate determination of the released drug even in
complex matrices or at low concentrations. As with UV-Vis, fitting the
resulting concentration-time profiles provides access to the diffusion-
related parameters required by drug release models.

3.4. Thermal transition parameters

Differential Scanning Calorimetry (DSC) is the primary technique for
identifying thermally induced phase transitions in both polymeric and
lipid-based nanocarriers [150]. DSC quantifies the heat flow associated
with endothermic or exothermic transitions, enabling precise lipid phase
transitions that govern permeability in thermosensitive liposomes
[203]. These measurements provide direct insight into the cooperativity
and enthalpy of thermal events, which in turn inform the abruptness or
gradualness of parameter changes (e.g., radius collapse, diffusivity
shifts) that must be introduced into mathematical models. For lipid-
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(iii) Dynamic Light Scattering (DLS)
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Fig. 8. Determination of the cloud point (Tcp) by (i) visual tests, as the temperature at which the solution turns cloudy, (ii) UV-Vis spectroscopy, as the temperature
at which the transmittance drops to 50%, and (iii) dynamic light scattering (DLS), as the temperature at which 50% aggregation occurs. Reprinted with permission

from [194].

based carriers DSC measurements reveal the melting temperature (Tm)
of the bilayer, a critical parameter for modelling the steep temperature-
driven increase in membrane permeability. Repeated DSC heating and
cooling cycles can also assess the reversibility of the transition, an
important consideration when modelling systems subjected to thermal
cycling or intermittent hyperthermia [204].

4. Perspectives and outlooks
4.1. Continuum and multiphysics thermo-release models

Recent work demonstrates that continuum-scale and multiphysics
models are becoming increasingly powerful tools for predicting
temperature-dependent drug release under realistic physiological con-
ditions [205,206]. For thermosensitive liposomes (TSLs), numerical
frameworks now couple heat transfer, membrane phase transitions, drug
diffusion, and vascular transport into a unified description of heat-
triggered release. Adabbo et al. [206] quantified doxorubicin release
from TSLs by integrating temperature-dependent permeability with
spatial heat propagation, producing predictive release profiles under
hyperthermic conditions. Even more sophisticated approaches have
been proposed for focused ultrasound (FUS) enhanced delivery: Moradi
Kashkooli et al. [207] developed a spatiotemporal computational model
incorporating FUS-induced heating, blood perfusion, nanoparticle ki-
netics, and tissue drug transport, enabling simulation of drug bioavail-
ability in solid tumors under realistic thermal fields. A 2025
multiphysics extension further integrates thermal dynamics, liposome
melting, and systemic circulation, offering a full in silico platform for
evaluating the performance of TSL-based treatments under patient-
specific conditions [208]. These studies illustrate a clear trajectory:
continuum and multiphysics models are evolving from idealized in vitro
descriptions toward biologically structured simulations that incorporate
spatially heterogeneous heating, vascular clearance, and tissue-level
barriers: elements that will be critical for future temperature-
dependent drug-release modelling.

4.2. Artificial intelligence (AI)/machine learning (ML)-driven design for
stimuli-responsive nanomaterials

Machine-learning and data-driven strategies are becoming increas-
ingly relevant for the design and optimization of stimuli-responsive soft
materials, including systems whose behavior is modulated by tempera-
ture [209-212]. Ejeromedoghene and coworkers [213] reviewed the
rapid emergence of ML methods in the design of 3D/4D-printed
hydrogels capable of responding to external stimuli such as tempera-
ture, showing how algorithms can identify structure—function relation-
ships, optimize responsiveness, and accelerate materials discovery in
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ways that conventional trial-and-error approaches cannot match. At a
broader biomedical scale, multi-scale modelling reviews highlight the
growing role of Al in nanomedicine, where machine-learning models are
increasingly used to predict nanoparticle transport, tumor penetration,
and spatiotemporal therapeutic response from high-dimensional bio-
logical and physicochemical data [214-217]. Debnath and co-workers
[218] emphasize that integrating AI with physics-based models can
overcome long-standing barriers in nano-cancer therapy, enabling rapid
screening of nanoparticle design variables and improved prediction of in
vivo performance across multiple scales of biological complexity. A
future in which temperature-dependent release models are integrated
into hybrid ML-physics frameworks, capable of inferring optimal
nanocarrier architectures and predicting thermal responsiveness across
diverse physiological conditions, should be regarded as the natural
trajectory of the field.

4.3. Molecular dynamics simulations of thermo-responsive behavior

At the molecular scale, recent simulation studies show that all-atom
and coarse-grained molecular dynamics (MD) can capture the funda-
mental temperature-dependent transitions that govern thermo-
responsive behavior in soft nanomaterials [211].

Hopkins and Blaisten-Barojas [219] demonstrated that PNIPAM and
PDEA undergo clear coil-globule transitions in aqueous and mixed sol-
vents, with MD simulations revealing the molecular hydration changes
and structural rearrangements responsible for thermo-responsiveness.
Tavagnacco and coworkers [126,220] used MD simulations with
different water models to reproduce PNIPAM's temperature-dependent
solution behavior, showing how molecular-level restructuring of hy-
dration layers can be linked to macroscopic phase behavior and collapse
temperatures relevant for drug-release modulation. Fig. 9 shows the
temperature-induced coil-to-globule transition of the PNIPAM chain. As
temperature increases, the radius of gyration decreases, indicating chain
collapse, while the SASA shifts to lower values, reflecting reduced hy-
dration. The snapshot at 303 K confirms the compact, collapsed
conformation. Extending beyond single-chain behavior, recent MD work
on crosslinked PNIPAM hydrogels under hydrothermal conditions has
characterized how temperature shifts water capture, network swelling,
and polymer mobility properties that directly influence diffusion and
release in thermo-responsive matrices [221]. These studies demonstrate
that molecular simulation is now mature enough to resolve the nano-
scale physics hydration, collapse, density changes, membrane in-
teractions that underlie temperature-dependent transitions. Soon, such
simulations could directly supply temperature-dependent parameters (e.
8., yru(T), polymer density, permeability, solute diffusivity) to contin-
uum drug-release models, enabling genuinely multiscale thermo-
responsive design frameworks.
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Fig. 9. (a) Time evolution of the radius of gyration of the PNIPAM chain at different temperatures (243-323 K); dashed lines indicate the analysis window. (b)
Distributions of solvent-accessible surface area (SASA) as a function of temperature. (¢) MD snapshot at 303 K showing the collapsed conformation of the PNIPAM

chain. Reprinted with permission from [126].

5. Conclusions

Thermo-responsive polymeric nanoparticles have evolved from
proof-of-concept smart materials into highly tunable platforms capable
of delivering drugs with a unique level of temporal and spatial control.
As highlighted throughout this review, temperature should no longer be
regarded as a passive external variable that merely accelerates diffusion
or degradation processes. Instead, it acts as a true design parameter that
governs nanocarrier behavior through well-defined physicochemical
mechanisms. Across different classes of thermo-responsive systems, drug
release can be consistently interpreted in terms of three fundamental
and often concurrent mechanisms: the temperature-dependent kinetics
of matrix degradation or erosion, the modulation of mass transport
through temperature-sensitive diffusion and solubility, and the activa-
tion of switch-like release events driven by thermo-induced structural
transitions.

Recognizing and disentangling these mechanisms is essential for
moving beyond empirical optimization toward rational design. A central
message emerging from this work is that predictive control over thermo-
responsive drug release cannot be achieved without explicitly linking
temperature to nanocarrier structure and thermodynamics. Models that
treat nanoparticle geometry, polymer-solvent interactions, and trans-
port coefficients as fixed quantities are inherently limited when applied
to systems that undergo temperature-induced collapse, swelling, phase
separation, or membrane melting. In contrast, mechanistic frameworks
that integrate polymer thermodynamics, geometry evolution, and
coupled transport phenomena provide a physically meaningful route to
describing both gradual and sharp modulation of drug release behavior.
Such models not only improve interpretability but also enable extrap-
olation beyond the specific experimental conditions used for calibration.
Based on the analysis presented, we advocate a forward-looking design
strategy for thermo-responsive nanocarriers in which material synthesis,
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experimental characterization, and modelling are developed in parallel
rather than sequentially. In this approach, polymer chemistry is selected
to define the desired thermal transition, experimental techniques are
used to quantitatively map temperature-dependent size, solubility, and
transport properties, and mechanistic models are employed to translate
these inputs into predictive release profiles. This integrated method al-
lows thermo-responsiveness to be engineered deliberately rather than
observed a posteriori, paving the way for nanocarriers whose behavior
can be tuned with precision across physiological and externally applied
temperature ranges. Looking ahead, the convergence of thermo-
responsive materials with continuum multiphysics modelling, molecu-
lar simulations, and data-driven design tools is expected to further
accelerate progress in the field. By embedding temperature-dependent
release mechanisms within multiscale and predictive frameworks,
thermo-responsive nanoparticles can be transformed into truly pro-
grammable delivery systems. In this context, the rational modulation of
drug release through temperature is not simply a functional advantage,
but a foundational principle for the next generation of smart
nanomedicine.
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