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Abstract

Phase-change materials (PCMs) have emerged as a novel class of thermo-responsive materials for
controlled release, where the payloads encapsulated in a solid matrix will only be released upon
melting the PCM to trigger a solid-to-liquid phase transition. In this Progress Report, we highlight
the advances over the past ten years in utilizing PCMs as a versatile platform for the encapsulation
and release of various types of therapeutic agents and biological effectors. We begin with a brief
introduction to PCMs in the context of desired properties for controlled release and related
applications. Among various types of PCMs, we specifically focus on fatty acids and fatty alcohols
for their natural availability, low toxicity, biodegradability, diversity, high abundance, and low cost.
We then discuss various methods capable of processing PCMs, and their mixtures with payloads,
into stable suspensions of colloidal particles, and the different means for triggering the solid-to-
liquid phase transition. Finally, we showcase a range of applications enabled by the controlled
release system based on PCMs, together with some perspectives on future directions.
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Introduction

Controlled release has been a main theme of research in biomedicine since the 1960s.[1:2]
Many types of controlled release systems have been developed for dosing therapeutic agents
and biological effectors in a manageable manner, enabling a wide variety of applications
ranging from disease diagnosis and treatment to tissue engineering.[2-41 Among various
systems, those based on stimuli-responsive materials are particularly attractive owing to their
ability to trigger the release and then tightly manage the profile.l=71 These materials can
serve as carriers for various types of payloads and protect them from pre-release or
deactivation during circulation. Upon arrival at the targeted site, the payloads will be
unloaded in a controlled manner under the exertion of an external or internal stimulus. The
stimuli may include temperature, pH, ultrasound, light, mechanical stress, and/or reactive
biomolecules.[43] The on-demand release of drugs with a precise control over the dosage, as
well as spatial and temporal resolutions, offers immediate advantages in improving their
therapeutic efficacy while reducing the off-target toxicity.

Generally, stimuli-responsive materials should have the following features in order to find
use in clinical translation: /) gating ability to reduce the off-target toxicity by avoiding pre-
release of the payloads without being triggered by a stimulus; 77) swift and reversible
response to a specific stimulus to allow for repeatedly turning on and off the release; /)
feasibility to load multiple types of payloads in high loading capacities; /) biocompatibility
and biodegradability to ensure that the carrier materials have no toxicity and can be
degraded or cleared from the body after the use; and V) easy to obtain and engineer. On this
basis, polymeric materials capable of responding to specific stimuli have been extensively
explored for controlled release.[378] However, the complicated preparation procedures, as
well as the low degradability and high toxicity of some polymers place a major limitation on
their translational capability. On the other hand, phase-change materials (PCMs) based on
fatty acids and their derivatives offer a simple and effective platform for controlled release
owning to their precise responses to the variations in temperature.[%-11] The release is
controlled by leveraging the change in molecular mobility for a PCM during its solid-to-
liquid phase transition. Upon melting, the payloads trapped in the solid matrix of a PCM will
be swiftly released with the melted PCM.

In this Progress Report, we summarize the advances over the past decade in exploring PCMs
as thermo-responsive materials for controlled release and related applications. We begin with
an introduction to PCMs and their desired properties. We specially focus on PCMs made of
natural fatty acids and fatty alcohols, together with a brief discussion about their biological
features. We then focus on methods developed for the preparation of PCMs as stable
dispersions of micro- and nanoscale particles. We pay particular attention to the cases where
PCMs serve as a smart filling for hollow particles. We also discuss methods suitable for
triggering the phase transition of a PCM. Afterwards, we highlight the use of PCMs for
controlled release of functional materials, including various types of therapeutic small
molecules, bioactive macromolecules, and nanoparticles, with potential applications in
various biomedical fields. At the end, we summarize the pros and cons of a PCM-based
controlled release system and offer some perspective on the future development.
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2. Phase-Change Materials

2.1. Desired Properties

Traditionally, PCM refers to a certain type of substance featuring a great latent heat of fusion
with regards to melting or solidifying at a nearly constant temperature.[°] In the process of
phase transition, PCM is able to store and release a large amount of heat within a relatively
narrow range of temperature variation (Figure 1A). For example, relative to the conventional
thermal storage materials such as water or rocks, an equivalent volume of PCM can store or
release 5-14 times more heat.[12] To this end, PCMs have been widely explored for use as
thermal materials for heat management.[13-151 |t should be pointed out that the storage or
release of energy is only one reflection of the changes in intermolecular interactions (e.g.,
van der Waals forces and hydrogen bonding) in PCM during phase transition.[®] The change
in intermolecular interactions also causes drastic variations in other physicochemical
parameters such as mobility and density. For example, when butter is melted upon heating in
a pan, its mobility will be increased substantially to allow flow (Figure 1B). The increase in
mobility during a solid-to-liquid transition can be leveraged to control the release of
payloads trapped in a solid matrix, leading to a temperature-responsive release system.
Benefiting from the changes in physicochemical properties during the phase transition,
PCMs have also been explored as functional materials for other applications such as
information storage, detection, and barcoding.[16-18]

2.2. Fatty Acids and Fatty Alcohols

Although nearly all substances can undergo a solid-to-liquid phase transition, only a small
number of them can be applied to controlled release /n vivo and related biomedical
applications considering the phase transition temperature and biosafety. For example, some
organic compounds such as paraffin Co3 (with a melting point at 47.5 °C), as well as some
inorganic salts such as Ca(NO3),-4H,0 (with a melting point at 47 °C), can be melted
slightly above our body temperature (37 °C).[15.19] However, their translation into practical
use has never been achieved because of the biosafety concern and/or engineering difficulties.
In comparison, natural fatty acids show a more promising future owing to their natural
availability, low toxicity, biodegradability, diversity, abundance, and low cost.[20-23] A fatty
acid is a carboxylic acid comprised of a long aliphatic chain, either saturated or unsaturated.
Most natural fatty acids have an unbranched chain with an even number of carbon atoms
ranging from 4-28. Table 1 shows a list of them with melting points in the range of 20-80
°C. They naturally exist in the form of triglycerides, phospholipids, and cholesteryl esters in
animal or vegetable fats, and are critical structural components of cells and important dietary
source of energy for animals.[24] Upon circulation in blood and entry into cells, the fatty acid
will be broken down through a catabolic process known as p-oxidation, which is mainly
executed in mitochondria.[25:26] Natural fatty acids have been used as biocompatible and
biodegradable drug carriers as early as in the 1990s, albeit no attention was paid to their
properties related to phase transition at that time.[22:23] The amphiphilic nature of fatty acids
owing to the non-polar aliphatic chain and the polar carboxylic acid head group makes them
compatible to both hydrophobic and hydrophilic payloads. It was not until 2010 when lauric
acid (with a melting point at 44 °C) was first reported as a PCM for temperature-controlled
release of biomacromolecules.[!1]
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Fatty alcohols have a structure similar to that of fatty acids, and they are typically straight-
chain primary alcohols. They naturally exist in vegetable oil and animal fat. Fatty alcohols
with a chain length of up to C1g are known to be biodegradable.®! To this end, fatty alcohols
have also been considered as candidates for controlled release of drugs. Same as fatty acids,
the melting points of fatty alcohols generally have a positive correlation with the number of
carbon atoms in the chain (Table 1). Among various fatty alcohols, 1-tetradecanol, with a
melting point at 38 °C, was the first to be applied as a PCM for temperature-controlled
release of dextran.[11] Since its phase transition takes place at a temperature slightly above
37 °C, it only needs a small amount of energy to trigger the release of payloads. Considering
their great potential in future translations, here we mainly focus on PCMs based on fatty
acids and fatty alcohols.

2.3. Eutectic Mixture of Fatty Acids

Although natural fatty acids are a good choice for controlled release owing to their excellent
biocompatibility, it is difficult to obtain a PCM made of a pure fatty acid with a melting
point close to the physiological temperature (37 °C) of human body (Table 1). In addition, a
single fatty acid tends to form a highly crystalline structure during solidification, forcing the
payloads to be phase-separated from the fatty acid matrix and thus lowering the
encapsulation capacity of the drugs and causing undesired burst release.[22:23.27] To address
these challenges, a eutectic mixture of two or even more fatty acids, with a melting point
lower than those of all the constituents, is proposed as a replacement for the single-
component fatty acid in achieving the desired melting points while altering the
crystallization behavior of the fatty acids to increase the drug loading capacity.[21:28.29] |n
one example, lauric acid (with a melting point at 44 °C) and stearic acid (with a melting
point at 69 °C) are mixed at a weight ratio of 4:1 to obtain a eutectic mixture exhibiting a
single solid-liquid phase transition at 39 °C.[28] Significantly, the phase transition of such a
eutectic mixture can be triggered more easily under heating when compared with either
lauric acid or stearic acid.

3. Processing PCMs into Colloidal Particles

3.1.

Emulsification under Shear or in a Fluidic Device

In applying PCMs to biomedical research, it is critical to process them into colloidal
particles with uniform sizes while containing theranostic agents. Emulsification under a
shear force is the most straightforward and effective way to obtain PCM colloidal particles.
In a typical process, the PCM, in the form of solution or melt, is dispersed in an anti-solvent
(generally, water) containing an appropriate emulsifier and then broken into micro- or
nanoscale droplets through mechanical stirring or sonication (Figure 2A).[30:311 Upon either
cooling or solvent evaporation, PCM colloidal particles are obtained. In this approach, the
theranostic agents can be introduced into the particles by simply dissolving them in the PCM
solution or melt. The size of the resultant PCM particles is strongly dependent on the
mechanical force involved and such a force tends to be heterogeneously distributed across
the system, leading to the formation of polydispersed particles.[32] For this method, the poor
uniformity in size distribution is an inevitable problem, even though it has shown great
success in the preparation of PCM colloidal particles on a relatively large scale.[30.31]
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The uniformity issue can be addressed by achieving emulsification under a viscous drag
force at the tip of the inner capillary of a fluidic device for the generation of uniform
droplets one at a time.[32:33] Another major advantage of the fluidic system is its capability
to independently vary the size, structure, and composition of the resultant particles.[32:34-36]
Figure 2B shows a schematic drawing of a typical tubular fluidic device capable of
generating uniform PCM particles.[37] The device consists of two concentric capillaries. In a
typical process, the PCM, in the form of solution or melt, and an aqueous solution
containing an emulsifier are injected into the inner and outer capillaries, respectively,
through the use of syringe pumps. At appropriate flow rates for both fluids, individual PCM
droplets are continuously formed at the tip of the inner capillary due to the collective effect
of viscous drag force and surface tension.[38] Upon solvent evaporation or cooling, the
droplets are converted into solid PCM particles. For this method, one can tune the size of the
PCM particles by changing the flow rates of the inner and/or outer fluids. Figure 2C shows
an optical micrograph of n-octadecane droplets produced using a fluidic device. The
particles had an average diameter of 360 um and were stabilized by polyurea. Figure 2D
shows a scanning electron microscopy (SEM) image of the PCM particles obtained by
freeze-drying the droplets.

Electrospraying

Electrospraying, which shares the same mechanism as electrospinning, has been extensively
used for the preparation of micro- and nanoscale particles with various compositions and
structures due to its simplicity and low cost.[39-411 The setup typically comprises of a high-
voltage power supply, a syringe pump, and a spinneret. When a fluid is pumped out through
the spinneret, it tends to form a hemispherical droplet due to the confinement of surface
tension. When connected to a high-voltage power supplier, the surface of the droplet will be
covered by charges of the same sign, forcing the droplet to break into much smaller droplets
due to electrostatic repulsion.[“0:42] Upon solvent evaporation, solid particles will be
obtained. Using this technique, PCM particles were obtained by electrospraying an n-
propanol solution containing 4.5% stearic acid and 0.5% ethyl cellulose.[43] Payloads could
be readily loaded into the matrix of the particles by co-dissolving them with stearic acid in
the solution. Alternatively, the payloads could be loaded as a core inside a shell made of a
PCM through the use of a coaxial electrospraying setup.[44:45] In a typical process, the
eutectic mixture of lauric and stearic acids was dissolved in a mixture of ethanol and
dichloromethane and used as the outer solution, while payloads dissolved in an aqueous
gelatin solution was supplied as the inner solution.[44] When pumping these two solutions
through a coaxial spinneret, PCM particles containing the payloads in the core were
obtained.

3.3. Anti-Solvent Precipitation

Anti-solvent precipitation is another simple method for producing PCM colloidal particles,
especially for those with sizes on the nanoscale.[2327] Generally, this method requires two
solvents that are miscible with each other. In a typical process, the PCM is firstly dissolved
in a solvent phase (e.g. ethanol), followed by dropwise adding them into the anti-solvent
phase (e.g. water) containing an appropriate stabilizer under mechanical stirring. The PCM
will precipitate out and aggregate into nanoparticles because of their poor solubility in the
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anti-solvent phase.[28] The anti-solvent-induced precipitation can also be achieved in a
fluidic device for precisely controlling the mixing of the two phases. In a recent study, our
group applied such a fluidic device to continuous production of PCM nanoparticles with a
uniform size distribution.[46] The device is illustrated in Figure 3A. In a typical process, an
ethanol solution of PCM (e.g., the eutectic mixture of lauric and stearic acids) and another
aqueous solution of phospholipids were injected into the concentric capillaries to serve as
the focused and focusing phases, respectively. The phospholipids were added due to their
ability to encapsulate and stabilize the resultant PCM nanoparticles.[28:47:48] As the ethanol
solution (solvent phase) met with the aqueous solution (anti-solvent phase) at the tip of the
capillary, the PCM was forced to precipitate out as nanoparticles at the interface of the flow.
Figure 3B shows a TEM image of the as-obtained PCM nanoparticles with an average
diameter of 53 nm.[46] Furthermore, uniform PCM nanoparticles with sizes ranging from 10
to 100 nm could be routinely obtained by adjusting the ratio of flow rates between the two
phases and the concentration of PCM (Figure 3C). It should be pointed out that therapeutic
agents, near infrared (NIR) dyes, and even nanoparticles, could all be readily loaded in the
PCM nanoparticles by dissolving or dispersing them in the PCM solution.[28:46:49,50]

4. Stabilization of PCM Colloidal Particles

In applying PCMs to nanomedicine, it is pivotal to process them as stable colloidal particles
in an aqueous medium under the physiological condition. Unfortunately, colloidal particles
made of fatty acids or fatty alcohols are inherently susceptible to agglomeration in an
aqueous medium due to the hydrophobicity associated with the long aliphatic chain.[23] The
particles tend to aggregate into larger structures and then float on the surface of an aqueous
medium. When PCM nanoparticles are used for energy storage, their surface can be coated
with a solid shell made of silica or polystyrene (PS) to enhance their colloidal stability.
[30.51-53] However, this method will cause complication to the drug delivery system because
the solid shell will make it difficult for the payloads to pass through. Alternatively, soft
shells made of amphiphilic molecules such as phospholipids have been developed to
stabilize PCM colloidal particles.[2846] |n addition, PCMs can be encapsulated in well-
defined hollow and porous nanoparticles, such as those made of SiO, and Au, to obtain
stable colloidal suspensions.[54-56] A combination of such capsules with PCM also improves
the loading capacity of payloads while preventing them from pre-leakage. Furthermore,
functional groups such as targeting moieties can be readily added to the surface of the
hollow capsules to enable site-specific drug delivery.[37:58]1 Table 2 shows a brief summary
of the strategies effective in stabilizing PCM colloidal particles and their associated
advantages and disadvantages in terms of loading and release of the payloads.

4.1. Covering the Surface with a Monolayer of Phospholipids

Phospholipids are the main components of cellular membranes. They have an amphiphilic
structure, together with superb biocompatibility /n vivo. When introduced into an aqueous
medium, they can assemble into various types of supramolecular structures in an effort to
minimize the exposure of their hydrophobic chains to water. Leveraging this attribute, PCM
nanoparticles have been obtained as stable suspensions in aqueous media by simply
introducing phospholipids as the stabilizer.[28] In one example, lecithin (a mixture of
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glycerophospholipids) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-5000] (DSPE-PEG) at a weight ratio of 3:1 were employed
to stabilize the as-formed PCM nanoparticles. Figure 4A shows a schematic illustration of
the resultant PCM nanoparticles, in which the eutectic mixture of lauric and stearic acids,
together with an anticancer drug (doxorubicin, DOX) and a NIR dye (IR780), is in direct
contact with the hydrophobic aliphatic chains of lecithin and DSPE-PEG. The hydrophilic
moieties of lecithin and DSPE-PEG are exposed to the aqueous environment.[28] The
presence of PEG chains in DSPE-PEG was able to markedly increase the stability of the
nanoparticles in an aqueous medium.[47:48] Figure 4B shows a typical TEM image of the
PCM nanoparticles, indicating good uniformity and stability. As illustrated in Figure 3, PCM
nanoparticles with tunable sizes and stabilized by lecithin and DSPE-PEG could be routinely
produced by integrating the anti-solvent-induced precipitation method with a fluidic device.
[46] For this system, it is worth emphasizing that both lecithin and DSPE-PEG, as well as the
fatty acids, have all been approved by the Food and Drug Administration (FDA) for clinical
applications.

4.2. Substitution into Low-Density Lipoproteins

Similar to the structures self-assembled from phospholipids, many other natural biological
materials such as exosomes, lipoproteins, plasma membranes, bacteria, and viruses, have
also received considerable attention in serving as carriers for drug delivery.[59-621 Among
them, lipoproteins are perfect candidates for encapsulating PCM made of fatty acids or fatty
alcohols, because these structures are produced endogenously for the transportation of lipid
molecules in an aqueous environment.[62-631 Among various types of lipoproteins, low-
density lipoproteins (LDLs) are particularly interesting due to their compact sizes (below 50
nm in diameter), high loading capacity, extended circulation time, and low immunogenicity.
[63,64] Each LDL has a well-defined architecture constructed by a shell of amphiphilic
phospholipid monolayer embedded with an apolipoprotein known as ApoB-100 and a
hydrophobic core composed of more than 45 wt.% cholesteryl esters.[63-65] The
apolipoprotein can be specifically recognized by the LDL receptor, which is up-regulated in
many types of malignant cells.l57:66:67] This unique feature allows LDLs to serve as a class
of natural nanoscale carriers for targeted drug delivery.[83:64] In one report, LDLs were
demonstrated to encapsulate PCMs loaded with therapeutic agents.[>”] Typically, the inner
cholesteryl esters of LDLs were firstly removed by extraction with heptane. The resultant
LDLs were dispersed in a toluene solution containing PCM (the eutectic mixture of lauric
and stearic acids), chemotherapeutics, and a NIR dye. The PCM and payloads are naturally
driven into the hydrophobic cavity of LDLs through the hydrophobic interaction. After
further separation, LDLs loaded with PCM were obtained. Figure 4, C and D, shows a
schematic of the structure and TEM image, respectively, of the PCM-substituted LDLSs.

4.3. Encapsulation in SiO, Hollow Nanoparticles with a Hole in the Wall

As mentioned above, encapsulation of PCM into a solid shell will hinder the loading and
release of payloads. To address this problem, hollow nanoparticles with a well-defined hole
in the wall have been developed to encapsulate PCMs for temperature-controlled release of
therapeutic agents (Figure 5A).154] Encapsulation of PCM in such particles can protect them
from directly interacting with the biological system, improving their structural stability in
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physiological environments. At the same time, the opening allows for fast loading and
controlled release of the loaded payloads. In addition, this kind of hollow particles with an
opening also ensures a high encapsulation capacity. In this study, the nanoscale capsules
were prepared through site-selected deposition by templating with Au-PS Janus colloidal
particles.[54:68.69] Briefly, a hydrophobic precursor, vinyltrimethoxysilane, was used to
deposit a shell made of vinyl-silica on the hydrophobic, PS surface only, while exempting
the hydrophilic, Au surface. After sequential removal of Au nanoparticles by etching and PS
beads by calcination, SiO5 hollow nanoparticles with a single well-defined hole in the wall
were obtained. Figure 5B shows a TEM image of the as-obtained SiO, capsules with an
average diameter of 192 nm, a wall thickness of 16 nm, and a hole of 24 nm in diameter.

A PCM, together with an anticancer drug and a NIR dye, could be readily loaded into the
cavity of the SiO, nanocapsule through the hole in the wall (Figure 5A).[54] Briefly, the
capsules were dispersed in a dimethyl sulfoxide solution containing the eutectic mixture of
lauric and stearic acids, DOX, and indocyanine green (ICG). Once the cavity of the SiO,
capsules had been filled with the solution, the particles were collected by centrifugation and
water was then added to solidify the fatty acids, with both DOX and ICG trapped inside the
PCM. The successful loading of PCM and payloads into the SiO, capsules was validated by
TEM (Figure 5C) and UV-vis spectroscopy (Figure 5D), respectively. Upon ICG-enabled
photothermal heating, the PCM would be melted to undergo a phase transition from solid to
liquid, triggering the release of drugs. The amount of the released drug could be controlled
by varying the size of the hole and/or the duration of laser irradiation. As another advantage
of this system, multiple types of functional materials can be conveniently loaded in large
quantities to suit various biomedical applications.[470-72]

Loading into Mesoporous SiO», Nanoparticles

Mesoporous nanoparticles have been extensively used as carriers for various therapeutics.
Among them, mesoporous SiO, nanoparticles (MSNs) are most popular in biomedical
applications due to their biocompatibility and easy production.[73.74] They have also been
demonstrated as carriers to load PCM for stimuli-responsive release of drugs.[”>.7] In one
study, MSNs with a maghemite core, /.e. y-Fe,O3@MSN core-shell nanoparticles, were
used to load PCM (1-tetradecanol) together with therapeutic drugs for controlled release.[75]
The drug molecules were sealed in the mesopores of MSNs with the help of solid PCM. The
drug could be released when PCM was melted upon direct heating. The presence of y-Fe,03
core also offers feasibility for magnetic heating and magnetic resonance imaging (MRI)
under magnetic field,[77:78] and these features are yet to be demonstrated in future studies.
Besides MSNs, mesoporous nanoparticles made of Fe30,4 or Fe-doped Ta,Os have also been
combined with PCM for temperature-regulated release of therapeutic agents.[79:8]

Loading into Gold Nanocages

As another class of hollow and porous particles, Au nanocages (AuNCs) can also be used to
encapsulate PCM for NIR-triggered release of drugs. First reported by our group in 2002,
AUNCs can be conveniently prepared via the well-established galvanic replacement between
HAUCI, and Ag nanocubes.[81-83] prompted by their hollow interiors, porous walls, and
tunable optical absorption, AUNCs have been explored for an array of applications related to
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optical imaging contrast enhancement, photothermal treatment, as well as controlled release
and site-specific delivery of drugs.[84-88] Specifically, the inherent photothermal property of
AUNCs makes them immediately useful for triggering the melting of PCM with NIR
irradiation. At the same time, the multiple pores in the wall allow for quick loading and
release of the payloads. Taken together, a combination of PCM with AuNCs has found
extensive use in controlled release.

The first demonstration of encapsulating PCM in AuNCs was reported in 2011.11% |n that
study, AuNCs with an edge length of 6011 nm and multiple pores (ca. 10 nm in size) in the
wall (as shown in Figure 5E) were prepared through the galvanic replacement reaction.
Rhodamine 6G (R6G) and methylene blue (MB) were used as the mimics of
chemotherapeutics and thoroughly mixed with molten 1-tetradecanol (the PCM with a
melting point of 38 °C), followed by the introduction of AUNCs. After the mixture of PCM
and dye molecules had entered the hollow interiors of the nanocages through the pores, a
small amount of hot water was added to induce the phase separation. The AUNCs loaded
with PCM and dye were extracted into the water phase owing to their hydrophilic nature.
Finally, the AuNCs were collected by centrifugation. The TEM image of the final AUNCs in
Figure 5F shows a different contrast relative to pristine AUNCs, demonstrating the
successful encapsulation of PCM. The loading of R6G or MB was confirmed using UV-vis
spectroscopy (Figure 5G). For this system, either direct heating or irradiation with NIR or
high-intensity focused ultrasound (HIFU) could lead to the melting of PCM, resulting in the
release of payloads. Later, AUNCs loaded with PCMs have been developed as a versatile
platform for the triggered release of various materials, and it can be easily integrated with an
array of functions, including imaging, targeted delivery, photothermal therapy, and
photodynamic therapy.[89-92] More examples will be presented in Sections 6.

5. Means for Triggering the Phase Transition

5.1.

5.2.

Direct Heating

PCMs undergo reversible phase transitions in response to temperature changes. To this end,
the most straightforward way to trigger the solid-to-liquid transition for controlled release is
direct heating (Figure 6A). Direct heating is also the simplest method in the lab for
evaluating the controlled release effects associated with PCMs. As for /n vivo applications,
direct heating can be locally applied to the skin through the use of various methods or
devices, albeit it is not suitable for the treatment of diseases occurring underneath the skin.
On the other hand, it is possible to leverage the temperature increase at disease sites due to
the pathological stimulus to trigger the drug release. For example, the microenvironment in a
solid tumor is typically 1-2 °C warmer than the healthy tissue.[%3] However, it is difficult to
precisely control the release profile by only relying on changes in the internal temperature.
In most cases, externally induced quick rise of the local temperature at the targeted site is
more useful in triggering and managing the release of a drug.

Irradiation with NIR Light

NIR light offers immediate advantages in achieving the on-demand release of drugs owing to
its non-invasiveness and the remote spatiotemporal controllability. In addition, compared to
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lights with other wavelengths, NIR light offers deep penetration into soft tissues because of
the reduction in scattering and absorption.[?4] To this end, NIR light has been actively used
in various biomedical applications, including imaging, diagnosis, and therapy.[%4-9€] |t has
been demonstrated that NIR light is able to remotely melt PCM particles to trigger the
release of drugs by incorporating a NIR dye into the PCM (Figure 6B). In one study, PCM-
DOX-IR780-lecithin nanoparticles were prepared by loading IR780 (a NIR dye) and DOX
(an anticancer drug) into the PCM matrix during a nanoprecipitation process, with lecithin
serving as a stabilizer.[28] When irradiated with an 808-nm laser at an irradiance of 0.4 W
cm~2, the temperature of the nanoparticle suspension increased from 22 to 43 °C due to the
photothermal effect of IR780. If the temperature passes the melting point of the PCM, the
encapsulated drugs will be triggered to release quickly (Figure 6C). The NIR-triggered drug
release was further validated in A549, a human non-small-cell lung cancer cell line, by
monitoring the drug distribution under fluorescence microscopy. As shown in Figure 6D,
upon the laser irradiation, the rise in temperature substantially changed the fluorescence
pattern of DOX inside the cells from punctate like (as in endo-lysosomes) to diffusive (as in
cytosol). A noticeable enrichment of DOX in the nucleus was observed after irradiation for 8
min, with the cell viability being reduced to a level of less than 10%. Encapsulation of PCM
in nanostructures with intrinsic absorption in the NIR region allows one to trigger the phase
transition without adding a NIR dye. As discussed in Section 4.5, AUNCs could not only
serve as a capsule for PCM but also a photothermal agent capable of melting the PCM under
NIR irradiation.[99:92.97] |n general, AuNCs have a much better photostability than
essentially all organic dyes.[83.92] For jn vivo applications, the penetration depth of NIR light
is limited to a few inches because of the inevitable scattering and absorption by the tissues,
making it difficult to heat the deep sites. In addition, NIR-enabled heating typically requires
the presence of a photothermal agent, which may increase the complexity of the PCM-based
release system.

5.3. Irradiation with High-Intensity Focused Ultrasound

Ultrasound is widely used in clinics as a non-invasive diagnostic tool to image the inside of a
human body. HIFU can concentrate multiple intersecting beams of ultrasound precisely at a
focal point, causing the local temperature to quickly increase within seconds and thus
resulting in tissue necrosis.[%8] To this end, it has been considered as an attractive strategy
for cancer treatment.[98-100] The local temperature increase at the focal point can also be
used for spatiotemporally controlled release of drugs at the targeted site with minimum side
effects on the surrounding tissues.[190-1021 |t has been demonstrated that the focused
ultrasound wave could quickly melt the PCM encapsulated in AuNCs to trigger the release
of payloads.[10] In this case, the payloads were mixed with a PCM such as 1-tetradecanol
with a melting point of 38 °C and loaded into the hollow interiors of AUNCs. When exposed
to HIFU, the PCM was quickly melted, releasing the trapped payloads into the surrounding
medium. The release profiles showed a strong dependence on the power of HIFU, offering
an opportunity to control the release dosage on demand. It is worth emphasizing that, unlike
NIR light, HIFU-induced temperature rise does not require the presence of AUNCs or other
photothermal agents, making it more practical toward clinical applications. However, the
propagation of HIFU can be interfered by /in vivo obstacles such as bone and gas cavity and
optimization of the procedure will be necessary.
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5.4. Exposure to Magnetic Field

When coupled to magnetic nanoparticles, alternating magnetic field can be used to generate
thermal energy, and it has been used for hyperthermia-based therapy and controlled release
of drugs.[103-105] |t has also been used to melt PCM with the help of magnetic nanomaterials
for remote, site-specific, controlled release.l”! In this work, the therapeutic agents (DOX or
paclitaxel) were mixed with melted 1-tetradeconol (the PCM) and then encapsulated into
hollow iron oxide nanoparticles. It was demonstrated that the therapeutics could be released
under an alternating magnetic field as the PCM was melted by heating. The release kinetics
could be adjusted simply by remotely switching on and off the magnetic field. An /n vivo
study demonstrated that injection of the nanoparticles caused regression for the liver tumor
xenograft in nude mice when treated with an alternating magnetic field for 16 days.[”®] Both
chemotherapy and hyperthermia contributed to the anti-cancer ability. In addition, the
magnetic nanoparticles used in this system can provide additional functions such as targeted
delivery and MRI.[77.78] Similar to NIR light, the generation of heat under alternating
magnetic field highly relies on magnetic nanomaterials, which will increase the complexity
of the PCM-based release system.

6. Applications

6.1. Protection of Reactive Species

The solid matrix made of a PCM is well-suited for the protection and stabilization of
reactive species.[49.50.90.106] |y one study, the concept was demonstrated with 2,2’-
azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride (AIPH), a water-soluble azo
compound capable of generating alkyl radicals upon decomposition.[197] The generated
radicals can induce apoptosis of cancer cells through DNA damage and peroxidation of
proteins and lipids.[108] However, AIPH is chemically unstable due to its susceptibility to
decomposition /7 vivo, which inevitably reduces its availability at the tumor site and
increases the side effects. To address this problem, AIPH was mixed with a PCM and
encapsulated in the cavities of AuNCs.[%] Upon irradiation with a NIR laser, the PCM was
melted, leading to the release and decomposition of AIPH to generate reactive alkyl radicals.
In vitro experiment demonstrated that the radicals caused the apoptosis and necrosis of A549
cancer cells. It is worth mentioning that the generation of reactive species from AIPH is
oxygen-independent, making this system suitable for cancer treatment under hypoxic
conditions, under which the tumor cells are highly resistant to conventional chemotherapy
and radiotherapy. In addition to AIPH, other reactive materials such as MnO, nanoparticles
capable of generating H,0,4% or diethylenetriamine diazeniumdiolate (NONOate) for
producing NO gas!19€] could also be encapsulated in the PCM matrix to avoid their pre-
reaction during circulation. Upon released at the targeted site, the MnO, nanoparticles would
react with protons in the local acidic, aqueous environment to generate H,O» for
photodynamic therapy, whereas NONOate could generate NO gas to reverse osteoporosis.

6.2. Controlled Release of Growth Factors

Growth factors are generally proteins that are able to regulate various cellular functions,
including proliferation, migration, and differentiation. To this end, they have been widely
used in tissue engineering and related applications in combination with scaffolding
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materials.[109110] |n general, there is a high demand for the realization of temporal and
spatial controls over the delivery of growth factors in a scaffold for augmenting tissue repair
or regeneration.[110-112] |n 3 recent study, a NIR-responsive system based on PCM was
developed for the controlled release of nerve growth factors (NGFs) to promote neurite
outgrowth.[44] In this research, PCM microparticles containing growth factors were
fabricated through coaxial electrospraying. The setup is shown in Figure 7A, where the outer
solution contains the eutectic mixture of lauric and stearic acids while the inner solution
encompasses the payloads. Figure 7B shows an SEM image of the as-obtained PCM
microparticles, the interiors of which were filled with ICG and NGF. The particles were
placed between two layers of electrospun fibers, generating a scaffold with a sandwich-like
structure (Figure 7C). After seeding with spheroids of PC12 cells, the scaffold was irradiated
with a diode laser at a power density of 1.0 W cm™ for 6 s and repeated six times at an
interval of 2 h. Figure 7D shows a fluorescence micrograph of the spheroids with extending
neurites after incubation for seven more days. The greatly extended neurites confirmed that
the growth factor could be released under NIR laser, promoting the outgrowth of neurites
from spheroids of PC12 cells. This approach based on PCM for controlled release of growth
factors should be extendable to release other biomacromolecules such as proteins, RNA, and
DNA.

6.3. Encapsulation of Functional Particles

Functional particles can also be encapsulated in the PCM matrix to offer specific features for
temperature-controlled release.[11:37:49] |n one study, gelatin particles containing fluorescein
isothiocyanate-dextran (FITC-dextran) were encapsulated in PCM for achieving multi-stage
release.[!1] The gelatin particles were prepared with diameters in the range of 0.3-2 pm
using the emulsification method. Next, these gelatin particles were encapsulated in a PCM
(1-tetradecanol or dodecanoic acid) through the use of a fluidic device, where the melted
PCM containing gelatin particles serving as the discontinuous phase and an aqueous solution
of poly(vinyl alcohol) as the continuous and collection phases. Figure 8A shows a
fluorescence micrograph of the resultant 1-tetradecanol particles with a mean diameter of
240 um, confirming the successful encapsulation of the FITC-dextran loaded gelatin
particles. The confocal fluorescence image in Figure 8B further verified that the FITC-
dextran was concentrated in individual gelatin particles. Next, the release profile of FITC-
dextran from the PCM particles was measured in water held at 60 °C. Gradually, as shown in
Figure 8C, the fluorescence intensity faded away over time, suggesting their release from the
PCM particles. As illustrated in the insets of Figure 8C, it was proposed that upon heating,
the PCM melted first, leading to the exposure of gelatin particles to warm water. FITC-
dextran was then released due to the dissolution of gelatin. In this type of multi-stage release
system, the release profile is mainly determined by the dissolution kinetics of the smaller
particles. For example, when three classes of particles made of gelatin, chitosan, and PLGA
and loaded with FITC-dextran were encapsulated in PCM, the release rate of FITC-dextran
followed the order of gelatin > chitosan > PLGA.[21] This result was consistent with their
solubility in water. In addition to the creation of such a multi-stage release system,
encapsulation of functional nanoparticles such as Fe3O4 nanoparticles into PCM offers
additional features such as targeted delivery and MRI.[49.77.78]
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6.4. Controlled Release of Therapeutics for Cancer Treatment

Chemotherapy is one of the most commonly used methods for cancer treatment. Despite its
extensive use and well-documented success, the patients are inevitably burdened with
harmful side effects. Since the toxicity of the anticancer drug is dose-dependent, its off-
target toxicity can be effectively mitigated by placing a tight control over the instant
concentration of drug molecules in the tissue. This aim can be achieved through the
development of a system that barely releases the drug unless under an external stimulus.
[4.6.8,113] pCMs are able to perform this function by serving as a smart “gatekeeper” for the
therapeutic agents. In the absence of stimuli, the material exists in the solid state to strongly
hold the drugs. When the temperature rises under stimuli, the material will be melted to
release the drugs. In this case, thermotherapy will occur simultaneously, resulting in a
combination effect with chemotherapy. For example, in a recent study, a commercial
anticancer drug (DOX) and a NIR dye (IR780) were loaded into PCM nanoparticles for
treatment of cancer cells. The loading content of DOX in PCM was about 2.8%. Under NIR
laser irradiation, the cells were effectively Killed as a result of the quick release of the
anticancer drug, as well as the elevation in temperature.[28] It is worth mentioning that the
loading capacity can be improved by switching from hydrophilic DOX to hydrophobic drugs
(or pro-drugs) owing to the relatively hydrophobic nature of the PCM.[57]

Another advantage of PCMs serving as the “gatekeeper” is that they are able to work with
multiple types of therapeutics with different properties. Besides commercial anticancer
drugs such as DOX, inorganic species such as SeO32~ and Ca2* can be also easily loaded
into PCM matrix and then be delivered to specific sites for killing cancer cells (Figure 9A).
[92.971 It has been demonstrated that SeO32~ is able to kill cancer cells, even though selenium
is an essential element for the development of human body.[114-116] However, it is a
challenge to encapsulate such inorganic ions and deliver them into tumor cells due to their
small size and high solubility in aqueous solution. Remarkably, PCM showed the superiority
in loading and delivering this kind of inorganic ion.[®1] In one demonstration, H,SeO3 and
PCM (lauric acid) were dissolved in methanol and then loaded into AuNCs. After removal
of the unloaded solution, the PCM was solidified inside AuNCs upon the addition of water,
retaining HoSeO3 and thus forming AUNC-PCM-H,SeO3 nanoparticles. The solid PCM
matrix could hold the H,SeOs inside the AUNCs and avoid its dissolution in an aqueous
physiological environment. The loading capacity of HoSeO3 could be a level as high as
9.2%. Upon NIR laser irradiation, the H,SeO3 could be released inside A549 tumor cells,
impairing the mitochondrial function (Figure 9, B and C) and finally leading to cell death
(Figure 9, D and E). Using a similar method, a large amount of Ca2* ions could be delivered
into cells for cancer therapy.[®7] Calcium ions (Ca?*) are important components of tissues
and play critical roles in various metabolisms. Normally, the concentration of Ca%* inside
cells (ca. 0.1 pM) is kept four orders of magnitude lower than the extracellular value (1-10
mM).[117.118] A marked elevation in the intracellular Ca2* concentration will lead to cell
death by damaging intracellular proteins and nucleic acids, as well as organelles such as
mitochondria.[119.120] |_everaging this phenomenon, Ca2* ions were loaded into AuNCs with
the help of PCM and quickly released inside cells to kill cancer cells.l%! /n vitro analysis
suggested that upon laser irradiation, the Ca?* released inside tumor cells effectively
destructed the mitochondria and resulted in cell death.
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6.5. Targeted Delivery

Modifying the surface of nanoscale carriers with a targeting ligand is an effective strategy
for increasing their accumulation in a specific region of interest.[121] However, it is difficult
to directly conjugate targeting moieties to the surface PCM particles due to the relatively low
reactivity of their molecules. This issue can be addressed by functionalizing the stabilizer or
capsule on the surface with a targeting ligand. In one study, PCM and anticancer drugs
(DOX) were loaded into AUNCs, whose surfaces were then functionalized with S\VV119 for
targeted delivery.[58] SVV119 is a synthetic small molecule capable of specific binding to the
sigma-2 receptor that is overexpressed on the surface of breast cancer stem cells (CSCs).
[122-125] As such, the AuNCs could be specifically delivered into breast CSCs for the release
of a pre-loaded drug upon irradiation with a stimulus. /n vitro results indicated that the
cellular uptake of AUNCs increased proportionally with the coverage density of SV119.
Upon heating to a temperature above the melting point of the PCM, the enhanced cellular
uptake of the targeting AUNCSs led to much greater toxicity relative to that of the non-
targeting counterpart.

In another demonstration, LDLs with the tumor-targeting capability were used to
encapsulate PCM and DOX.[7] The LDL receptor is often up-regulated in many types of
malignant cells or tissues.[57:66:67] To this end, LDLs are able to deliver therapeutics
specifically into these aberrant cells. /n vitro studies demonstrated that LDL nanoparticles
loaded with PCM and Coumarin 6 were accumulated in A549 lung cancer cells while barely
in NIH-3T3 fibroblast cells (Figure 10, A and B).571 Furthermore, when the LDL receptors
of cells were blocked, the uptake of LDL nanoparticles in both kinds of cells became
negligible (Figure 10, C and D), confirming the targeting ability of LDLs. This was further
supported by the fact that the LDL nanoparticles loaded with PCM and anti-cancer drugs
showed enhanced toxicity toward tumor cells. Additionally, it was demonstrated that LDL
nanoparticles loaded with PCM and IR780 could be accumulated in tumor tissues using
mice bearing B16-F10 melanoma xenograft (Figurel0, E and F). This system involving both
targeted delivery and controlled release can be an effective method for the treatment of
various diseases while mitigating the side effects.

6.6. Corking the Opening of Hollow Particles

In addition to its use as a matrix to host payloads, PCM can also be used as a cork to seal the
opening in the wall of a hollow particle. For such particles, the hollow interior offers a high
loading capacity while the opening in the surface allowed for the easy and quick loading,
making them well-suited for the delivery of a variety of functional components, including
therapeutic drugs, biomacromolecules, and even nanoparticles.[71:72.126-128] Sealing the
opening with a cork made of PCM can immediately convert these particles into a controlled
release system, in which PCM serves as the “on-off” switch. This concept was demonstrated
in 2013 with PS hollow particles featuring an open hole in the wall.[12%] The PS hollow
particles were prepared through four steps: partial embedding PS beads in poly(4-
vinylpyridine) film, swelling PS in a toluene aqueous suspension, rapid freezing them in
liquid nitrogen followed by freeze-drying, and finally removal of poly(4-vinylpyridine) film.
Upon loading with payloads, the openings on each hollow particle were sealed with a cork
made of PCM by following the procedures shown in Figure 11A. Typically, a PCM film
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deposited on a silicon wafer was brought into contact with the PS particles supported on a
polydimethylsiloxane (PDMS) substrate. Exposure of the samples to ethanol vapor made the
PCM soften and movable, sealing the opening under a vacuum. Figure 11, B and C shows
SEM and TEM (insets) images of PS hollow particles on PDMS substrate before and after
corking with 1-tetradecanol, respectively. Upon heating, the PCM-based cork could be
quickly removed, leading to the release of payloads (Figure 11D). The release kinetics could
be tailored by using PCMs comprised of a mixture of 1-tetradecanol (with a melting point at
38 °C) and lauric acid (with a melting point at 44 °C) at different ratios. For example, a ratio
of 1-tetradecanol to lauric acid at 0.6 resulted in almost entire release of the pre-loaded dye
within 30 min of heating at 39 °C, whereas nearly 12 h was required to liberate a similar
amount of dye when the ratio was reduced to 0.05 (Figure 11E).[229] Furthermore, for this
system, the release kinetics could be further tuned through the opening size, which was
determined by the degree of PS swelling.[71.129]

Summary and Outlook

We have reviewed recent progress in developing a controlled release system based on PCMs
for drug delivery and related applications. This controlled release system is simple and
versatile effective, in which the payloads encapsulated in a solid PCM only become mobile
when the matrix melts into a liquid. Considering the future translation, fatty acids and their
derivatives such as fatty alcohols are ideal candidates owing to there natural availability, low
toxicity, biodegradability, diversity, and low cost. One can easily obtain a PCM with a
melting point near our body temperature by choosing fatty acids/alcohols with different
chain lengths or using their eutectic mixtures. To enable their use in practical applications,
PCMs made of fatty acids or fatty alcohols have been fabricated into particles with sizes
ranging from nano to microscale for delivering various therapeutic agents. They can also be
applied as fillings or corks for hollow particles to provide an “on—off” control on the release
of payloads. Over the past decade, PCMs has been developed into a versatile platform for
the encapsulation and delivery of commercial anticancer drugs (e.g., DOX and paclitaxel),
inorganic irons (e.g., SeO3~2 and Ca2*), reactive species (e.g., AIPH and NONOate),
biomacromolecules (e.g., NGFs), and even nanoparticles such as those made of gelatin,
Fe30y4, and MnOs. It has been demonstrated that both direct heating or heating induced by
NIR light, HIFU, or magnetic field could be used to trigger the release of payloads on
demand. The controlled release is expected to greatly improve the treatment efficiency of the
drugs while reducing the side effects. Despite the successes achieved by the PCM-based
system, there are still a number of challenges and research interests that need additional
attention in the future.

In vivo Performance

Most of the early studies related to PCM-controlled release are for the demonstration of
concepts only. Although several of the release systems have been tested /n vivoin
subcutaneous tumor models based on mice, there is still a long way to go before they can be
applied to clinical transitions. To this end, more efforts should be devoted to the evaluation
of the stability, reactivity, circulation, distribution, and degradation of the PCM nanoparticles
in animal models for promoting their future clinical transitions. The performance of a
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controlled release system based on a PCM also needs to be further analyzed and improved in
the complex biological environments such as an /in7 vivo system.

Disease Treatment

In addition, most of the applications have focused on the potential treatment of cancer, with
only a few of them on tissue repair or regeneration. As mentioned above, PCMs can be
routinely used to load and release various types of molecules or materials with different
dimensions and properties, not restricted to anticancer drugs. To this end, it is reasonable to
assume that the PCM-based system also holds the promise for the treatment of other life-
threatening diseases such as cardiovascular abnormities, dementia, viral or bacterial
infection. In this case, the major change that needs to be made is to replace the therapeutic
agents depending on the disease intended to be cured. Of course, the method for triggering
the melting of PCM may also need to be optimized depending on where the disease occurs,
as well as the heat resistance capability of the surrounding tissues.

Dual-Temperature-Responsive Release System

Sequential releases of two or more payloads to achieve a combined effect has received
increased attention in recent years.[130.131] For example, it has been demonstrated that the
release of anticancer drugs followed by small RNA molecules capable of specifically
knocking down the expression of the drug resistance gene could improve the therapeutic
efficacy.[132.133] The step-by-step release of multiple drugs can be easily realized using a
PCM-based dual or multi-temperature-responsive release system, in which different types of
drugs are separately loaded in PCMs with different melting points. In this case, the drug
loaded in the PCM with a relatively lower melting point can be released in the early stage
upon heating, while the release of another drug from the PCM with a relatively higher
melting-point needs to be triggered at a higher temperature. Significantly, the diversity of
fatty acids and fatty alcohols offers immediate feasibility for creating such a dual- or multi-
temperature-responsive release system. This concept has been demonstrated in a previous
report, in which payloads were encapsulated in a system comprised of an outer layer of 1-
tetradecanol (with a melting point at 38 °C) and an inner layer of lauric acid (with a melting
point at 44 °C).[11] Upon heating to 39 °C and 44 °C, the 1-tetradecanol and lauric acid
layers would be sequentially melted to release the two different payloads.

Temperature-Set Photothermal Therapy

A PCM also has a unique ability to store and release a large amount of heat at a constant
temperature set by its melting point. As such, it can be used as a thermal storage material to
prevent the temperature of a system from quickly rising or decreasing, facilitating a
biomedical treatment process. Taking photothermal therapy as an example, the local
temperature of the lesion has to be controlled within a narrow region (typically, 42-45 °C) to
avoid damage to the adjacent normal tissues because of quick heat transfer through tissues.
However, how to precisely control the temperature during treatment is still difficult to
achieve for the currently used approaches based on NIR light, HIFU, or magnetic field and
PCM can serve as a heat absorbent for managing the local temperature of the lesion. When
the lesion is overheated, the PCM will undergo a solid-to-liquid transition to absorb the heat,
preventing the temperature from continuously arising. On the other hand, when the heating
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is discontinued, the PCM will release the latent heat through a liquid-to-solid transition,
avoiding a quick drop in temperature. As a result, the PCM can keep the local temperature at
a level close to the melting point of the PCM for a relatively long period of time, ensuring
effective thermotherapy and/or successful release of the drugs while avoiding damage to the
adjacent tissues.

Solid-to-Solid or Liquid-to-Gas Phase Transition

In this review, we mainly focused on the solid-to-liquid phase transition of PCMs, in which
the vast change in molecular mobility enables one to control the release of a payload. Other
types of phase transitions such as solid-to-solid and liquid-to-gas are also worth exploring
for biomedical and other applications. For example, the solid-to-solid transition has been
explored for solid-state memory and optical-storage applications by leveraging the
difference in resistance or reflectivity between the crystalline and amorphous states.[16] For
liquid-to-gas transition, it has been explored as a mechanism for imaging contrast
enhancement.[!34] The dramatic expansion in size during the vaporization of acoustic
droplets can increase the contrast under ultrasound imaging.[134.135] Most of the liquid-to-
gas PCMs for imaging applications are made of perfluorocarbons (PFCs) due to their
relatively low toxicity and boiling points around 37 °C.[134.136-138] | one study, the authors
prepared the PCM droplets made of a mixture of decafluorobutane and octafluoropropane,
followed by modifying their surface with folic acid to achieve targeting.[137:138] The folic
acid molecules help deliver the droplets specifically to the tumor site, enhancing the acoustic
signals from tumor cells.

In summary, although there are still many obstacles or challenges, we believe that their
unparalleled biocompatibility, as well as the ease of use and multiple choices in terms of
materials, will bring a bright future to PCMs for controlled release and related applications.
We hope that this Progress Report will not only assist researchers in understanding the
potential of PCMs as a new platform for controlled release, but also provide some insights
for the rational design of their own PCMs.
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Figure 1.
Properties of PCM. (A) A representative phase diagram showing the temperature of a PCM

as a function of the stored heat. (B) A digital photograph of a solid butter undergoing
melting in a pan, illustrating the drastic increase in molecular mobility during solid-to-liquid
transition.
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Figure 2.

Preparation of PCM particles. (A) Schematic illustration of the three major steps involved in
the fabrication of PCM particles through emulsification under shear force: /) introduction of
PCM melt or solution (oil phase) into an aqueous solution containing appropriate
emulsifiers, 77) formation of an oil in water (O/W) emulsion under agitation, and 7/l
solidification of the O/W droplets through cooling of the melt or evaporation of the oil phase
solvent. (B) Schematic illustration of a fluidic device for the fabrication of uniform PCM
particles. (C) Optical micrograph of PCM droplets produced through the fluidic device. (D)
SEM image of the solid PCM particles. (B-D) Reproduced with permission.[37] Copyright
2013, Elsevier.
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Figure 3.
Preparation of PCM nanoparticles through anti-solvent-induced precipitation in a fluidic

device. (A) Schematic illustration of the fluidic device used for producing PCM
nanoparticles. As the ethanol solution of PCM and an aqueous solution meet and mix along
the flow, the PCM precipitates out as nanoparticles at the interface between the focusing and
focused phases. Phospholipids are typically used to stabilize the nanoparticles. Therapeutic
agents and photothermal dyes can be easily loaded into the PCM nanoparticles by dissolving
them in the PCM solution. (B) TEM image of the as-prepared PCM nanopatrticles. (C) Size
distribution of the PCM nanoparticles prepared at different flow rate ratios (FRRS) between
the focusing and focused phases. Reproduced with permission.[46] Copyright 2017, Royal
Society of Chemistry.
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Figure 4.
Encapsulation of PCM in phospholipid shells. (A) Schematic illustration of a PCM-DOX-

IR780-Lecithin nanoparticle, which was prepared by covering the surface of hanoparticles
consisting of PCM, DOX, and IR-780 with a monolayer of soybean lecithin and DSPE-PEG.
(B) TEM image of the PCM-IR780-DOX-Lecithin nanoparticles. (C) Schematic illustration
of an LDL nanoparticle whose core has been partially replaced with a mixture of PCM and
drugs. (D) TEM image of the LDL nanoparticles containing a mixture of PCM and drugs.
(A, B) Reproduced with permission.[28] Copyright 2017, Wiley-VCH. (C, D) Adapted with
permission.[57] Copyright 2017, Wiley-VCH.
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Figure 5.
Encapsulation of PCM in hollow nanoparticles with one or multiple holes in the wall. (A)

Schematic illustration showing the encapsulation and release of PCM, anticancer drug
(DOX) and NIR dye (ICG) in silica hollow nanoparticles with one hole in the wall. (B, C)
TEM images of silica nanoparticles (B) before and (C) after loading with PCM and
payloads. The success of loading PCM into the nanoparticles is manifested by the changes in
contrast. (D) UV-vis spectrum of the resultant nanoparticles, confirming the successful
loading of both DOX and ICG. (E, F) TEM images of AuNCs (E) before and (F) after
loading with PCM and payloads. (G) UV-vis spectra of the resultant AUNCs, confirming the
successful loading of R6G or MB. (A-D) Reproduced with permission.[®4] Copyright 2019,
Wiley-VCH. (E-G) Adapted with permission.[1%] Copyright 2011, American Chemical
Society.
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Means for triggering the phase transition of PCM. (A, B) Schematic illustrations showing
the phase transition of PCM particles through (A) direct heating and (B) heating induced by
NIR light/HIFU/magnetic field. (C) Schematic illustration of NIR-triggered release of drugs
from a PCM-DOX-IR780-lecithin nanoparticle. (D) Time-course DOX (red) release from
the PCM-DOX-IR780-lecithin nanoparticles in a human non-small cell lung cancer cell
(A549) upon irradiation with an 808-nm laser (power density: 0.2 W cm~2). The nucleus
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was stained blue by Hoechst 33342. Scale bars: 10 um. (C, D) Reproduced with permission.
[28] Copyright 2017, Wiley-VCH.
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Figure 7.
Encapsulation and controlled release of growth factors for tissue engineering. (A) Schematic

illustration of a coaxial electrospray setup for the preparation of PCM microparticles
containing NGFs and NIR dyes in the core. (B) SEM image of the as-obtained PCM
microparticles. (C) Schematic illustration showing the outgrowth of neurites from spheroids
of PC12 cells in a sandwich-like scaffold when NGFs were released from the PCM
microparticles under the irradiation with an 808-nm laser. (D) Fluorescence image of the
typical neurite fields extending from the spheroids after NIR-triggered release of NGFs from
PCM particles. The neurites were stained with Tujl marker (green). The arrows indicate the
alignment directions of the fibers. Reproduced with permission.l44] Copyright 2018, Wiley-
VCH.
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Figure 8.
Encapsulation and controlled release of gelatin microparticles. (A) Fluorescence and (B)

confocal fluorescence images of uniform PCM beads loaded with gelatin microparticles.
The gelatin microparticles were pre-loaded with FITC-dextran molecules. (C) Time-lapse
fluorescence analysis showing the release of FITC-dextran from the gelatin microparticles
upon the melting of PCM. The insets are schematics illustrating the major steps involved in
the release of FITC-dextran. Reproduced with permission.[11] Copyright 2010, Wiley-VCH.
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Figure 9.
Encapsulation and controlled release of therapeutic molecules. (A) Schematic illustration

showing the encapsulation of PCM and payloads in AuNCs and the subsequent controlled
release. The payloads can be DOX, H,SeO3, Ca2*, or AIPH. (B, C) 5,5°,6,6-
tetrachloro-1,1",3,3’-tetraethylimidacarbocyanine iodide staining and (D, E) Live/dead
staining of A549 cells after incubation with AUNC-PCM-H,SeO3 nanoparticles for 5 h. The
cells in (C, E) were further irradiated with an 808-nm laser at a power density of 0.8 W cm™2
for 10 min before the staining. The red and green fluorescence colors in (B, C) indicate the
preservation and loss of mitochondrial membrane potential, respectively. The nuclei were
stained to give a blue color. The red and green fluorescence colors in (D, E) indicate the live
and dead cells, respectively, which were stained with calcein-AM and
ethidiumhomodimer-1. Reproduced with permission.[®Y] Copyright 2018, Elsevier.
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Figure 10.

Blank

IR780-LDL Blocking

Selective delivery of PCM nanoparticles. (A-D) The uptakes of LDL nanoparticles loaded
with PCM and coumarin 6 by (A, C) A549 and (B, D) NIH-3T3 cells. The receptors of cells
in (C) and (D) were blocked with a 20-fold excess of native LDLs. The nuclei were stained
blue with Hoechst 33342; the lysosomes were stained red with Lysotracker; coumarin 6 is
shown in green. Scale bars:50 mm. (E, F) In vivo evaluation of the accumulation of LDL
nanoparticles in B16-F10 melanoma. (E) Fluorescence images of the tumors excised at 24 h
post intravenous injection and (F) the corresponding average radiant efficiency. “Blank”,
“IR780-LDL”, and “Blocking” indicate the LDLs loaded with PCM alone, the LDLs loaded
with both PCM and IR780, and a mixture of LDLs loaded with PCM and IR780 and 20-fold
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excess of native LDLs, respectively. The color bar in (E) represents the radiant efficiency
(x10° uW cm~2). Significant difference between the tumors with or without receptor
blocking is indicated as **p<0.005. Reproduced with permission.[>7] Copyright 2017,
Wiley-VCH.
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Figure 11.

Corking the opening of hollow particles. (A) Schematic illustration showing the process of
corking the openings of PS hollow particles with PCM. (B, C) SEM images of PS hollow
particles (B) before and (C) after corking with PCM. The insets are the corresponding TEM
images (scale bars: 300 nm). (D) Schematic illustration showing PCM serving as the cork of
a PS hollow particle for controlled release of payloads in response to temperature rise. 7n,
stands for the melting temperature of PCM. (E) Release profiles of the payloads from the
particles corked with a binary mixture of PCM made with 1-tetradecanol and lauric acid.
The volumetric ratio (a) of 1-tetradecanol to lauric acid was tuned from 0.05:1 to 1:1, which
could result in the changes of the melting temperature of the PCM. The scale bars in the
insets are 300 nm. Reproduced with permission.[12%] Copyright 2013, Wiley-VCH.
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Table 1.

A list of fatty acids and fatty alcohols suitable for biomedical applications.[9:20]

Category Compound Number of carbon atoms  Melting point [°C]

Fatty acid Decanoic acid 10 32
Lauric acid 12 44
Myristic acid 14 54.4
Palmitic acid 16 63
Stearic acid 18 69
Linolelaidic acia?/ 18 28-29
Vaccenic acid[a] 18 44
Elaidicacid/® 18 45
Arachidic acid 20 755
Behenic acid 22 80.0

Fatty alcohol  Dodecanol 12 24
1-Tridecanol 13 32
1-Tetradecanol 14 38
1-Pentadecanol 15 41-44
Hexadecanol 16 49
1-Octadecanol 18 59-60

fa]

Unsaturated fatty acids
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Table 2.

A list of representative strategies effective in stabilizing PCM colloidal particles and their influence on the
loading and release of payloads.
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Strategies Materials involved Advantages Disadvantages Ref.
. . Easy to apply Non-degradable /in vivo
g)(i?(;"rl?a\tzlrtigla shell of a SiO, or PS Significantly improving colloidal Blocking the loading and release of [51-53]
stability payloads
Covering with a Easy to apply
monolayer of Phospholipids Biocompatible Pre-leakage of payloads [28, 46]
phospholipids Biodegradable
gfgg(r)?rl} b;%'&%'(:al materials Multiple procedures for loading the
Substitution into LDLs LDLs : P payloads [57]
Biodegradable Limited supply of LDLs
Targeting capability
o Easy loading through the opening Non-degradable in vivo
Encapsulation into High loading capacity Multinle procedures for the
hollow particles with an SiO, Suitable for multiple types of piep ; [54]
! preparation of the SiO, hollow
opening payloads rticl ith a hol
Regulation of release particles with a hole
Loading into SiO, or Fe3O4 0r Fe-  Easy loading Non-degradable /in vivo [75, 79,
Mesoporous particles doped Ta,05 Relatively high loading capacity Pre-leakage of payloads 80]
Easy loading
High loading capacity N P
; : on-degradable /in vivo
L Suitable for multiple types of - [10, 89—
Loading into AuNCs Au payloads Multiple procedures for the 92]

Regulation of release
Intrinsic photothermal property

preparation of the AUNCs

PS, polystyrene; LDLs, low-density lipoproteins; AuNCs, gold nanocages
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