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Abstract

Shape memory materials (SMMs), including alloys and polymers, can be programmed into a
temporary configuration and then recover the original shape in which they were processed in response
to a triggering external stimulus (e.g. change in temperature or pH, contact with water). For this
behavior, SMMs are currently raising a lot of attention in the pharmaceutical field where they could
bring about important innovations in the current treatments. 4D printing involves processing of
SMMs by 3D printing, thus adding shape evolution over time to the already numerous customization
possibilities of this new manufacturing technology. SMM-based drug delivery systems (DDSs)
proposed in the scientific literature were here reviewed and classified according to the target pursued
through the shape recovery process. Administration route, therapeutic goal, temporary and original
shape, triggering stimulus, main innovation features and possible room for improvement of the DDSs

were especially highlighted.



©CO~NOOOTA~AWNPE

Contents:
1. Introduction and aim of the review
1.1 Shape memory alloys (SMAS)
1.1.1 Mechanism of shape recovery
1.1.2 Main applications and characterization studies
1.2 Shape memory polymers (SMPs)
1.2.1 Mechanism of shape recovery
1.2.2 Main applications and characterization studies
1.2.3 4D printing

2. Drug delivery systems based on SMMs
2.1 Shape recovery for reaching the target area
2.2 Shape recovery for enabling retention in the target area
2.2.1 Implants/scaffolds
2.2.2 Stents
2.2.3 Intra-organ systems
2.2.4 Systems for wound treatment
2.3 Shape recovery for ensuring removal from the target area
2.4 Shape recovery for triggering drug release
3. Conclusions
References



©CO~NOOOTA~AWNPE

1. Introduction and aim of the review

Versatility currently represents a key concept for R&D in many industrial fields and increasing
attention is driven towards materials showing advanced functionalities that make them suitable for a
range of applications [1-2]. In this respect, shape memory materials (SMMs), generally referred to as
smart or intelligent materials, started to raise a lot of interest in different areas [3-5]. They are
supposed to dynamically respond and adapt themselves to an external stimulus - typically a variation
in the environment - thus performing their functions according to the changes undergone [6-8]. The
actual ability to control the modifications undertaken is a key factor in the definition of smart
materials. In particular, SMMs are able to change their shape in a predefined way upon appropriate
stimulation. They can be forced, by application of an external stress, to take on a secondary/temporary
shape, starting from the permanent/original one they were processed into. This is called programming
step or shape-memory creation process. The temporary shape is maintained, even after the stress
removal, until the material is exposed to the specific non-mechanical stimulus (e.g. direct heating,
indirect heating through the application of electromagnetic fields or light, contact with water, change
in the pH or ion composition of the liquid environment) able to induce the so-called shape memory
behavior or effect, i.e. the recovery of the original shape. In other words, SMMs have the ability to
temporarily store the mechanical stress applied during programming and undergo, only upon
application of a suitable trigger, the pre-defined mechanical actuation when relieving this stress.
Notably, the movement occurring during recovery reverses the mechanical deformation that has led
to the temporary shape. For these peculiar characteristics, literature refers to SMMs as materials able
to remember the memorized shape.

Although the identification and the first knowledge of SMMs can be traced back to the 1940s, their
diffusion and the strongest impetus for their use came at the end of the 1990s [9]. In view of their
broad applicability potential and of the possibility of using them for targets hardly achievable in other
ways, SMMs started to be employed in automotive, packaging, electronic and textile industries.
Indeed, product design phase was revolutionized by SMMs, giving to developers the possibility of

4



©CO~NOOOTA~AWNPE

working on two different geometries of the same product at the same time and on how the transition
from the former to the latter would happen [10]. Later on, SMMs spread out also towards more
sophisticated fields such aerospace and biomedicine [1,5,11]. As a consequence, the market
associated with these materials and the relevant application is expected to reach $ 1.84 B by the end
of year 2026, with a growth of approximately 25% per year from 2019 to 2026 and with the Asia-
Pacific region highlighting the fastest rate [12,13].

Only more recently, SMMs were also considered in the pharmaceutical area, particularly at the
research level, given their potential for innovating current therapeutic strategies. The aim of the
present review is to critically discuss the applications proposed so far in the primary scientific
literature describing the use of SMMs in this new field. More into detail, articles focused on drug
products, mainly drug delivery systems (DDSs), were considered. Conversely, drug-free items
showing shape memory response, such as medical devices and scaffolds, were deliberately excluded.
Due to the complexity of the subject investigated, the research articles here reviewed often
represented a joint work from experts of different fields, such as chemical and mechanical
engineering, chemistry, biology, medicine and pharmaceutical technology.

Applications relying on both shape memory alloys (SMAs) and shape memory polymers (SMPs)
were analyzed, and a classification based on the objective pursued through the recovery of the original
shape was proposed. Particularly, shape recovery was employed to i) reach the site of drug delivery,
ii) enable prolonged retention in situ after minimally invasive administration, iii) ensure removal from
the target site, and iv) trigger drug release. Considering the real novelty of such applications, studies
mainly aimed at in-depth investigating the shape memory behavior for sole characterization purposes
were also reviewed. With reference to the definition of smart materials, in this manuscript only DDSs
based on SMPs and SMAs were reviewed, for which well-defined and recognizable original and
temporary shapes were described, the latter obtained following a specific programming step. On the

contrary, the numerous smart applications based on hydrogels involving a generic gel-sol transition,
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which was not associated with well-defined temporary and original shapes and relied on a non-

programmed shape shifting, have been purposely ruled out.

1.1 Shape memory alloys (SMAS)

In 1951, the shape memory effect of an alloy based on gold and cadmium was observed for the first
time by Chang and Read [6,14]. In 1963, Buehler and colleagues described the same phenomenon
for nitinol, an equiatomic nickel and titanium alloy. Subsequently, other SMAs were studied, such
Cu-Zn-Al and Fe-Mn-Si based materials. However, nitinol probably remains the main SMA
investigated in the biomedical field for its unique characteristics, such as superelasticity, good
combination of high strength and low elastic module, high corrosion resistance as well as
biocompatibility and non-ferromagnetic properties, which provide a clear image during magnetic
resonance and make it particularly suitable for biomedical applications [15,16]. Recently, a few
attempts have also been proposed to attain surface modifications of nitinol-based materials thus
mitigating the risks associated with the presence of a potentially toxic, allergenic and carcinogenic
component, i.e. nickel [17-20].

Starting from nitinol as such or in combination with other materials, various shapes and sizes can be
fabricated: thin films, fibers, particles and porous matrices. Nitinol based-ternary alloys have also
been proposed to meet particular needs, such as to provide the material with intrinsic antibacterial
activity (e.g. Ni-Ti-Cu, Ni-Ti-Ag) [15,21,22]. However, the associated fluctuations in the nitinol
stoichiometry were shown to have strong impact on the properties of the resulting SMA, such as

changing the relevant activation temperature [6].

1.1.1 Mechanism of shape recovery
From the chemical point of view, SMAs and particularly nitinol occur in two solid phases, each with
a different crystal structure and peculiar properties [3,6,23-28]. The austenite phase, predominant at

higher temperatures, generally exhibits a cubic crystal structure, while the martensite phase is
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characterized by tetragonal, orthorhombic or monoclinic crystal structure, depending on the alloy
composition. Moreover, each martensitic crystal can exhibit a different orientation, called a variant,
so that a twinned martensite, composed of a combination of self-accommodated martensitic variants,
and a detwinned martensite, in which a specific variant is dominant, can be recognized. The
transformation from one crystal structure to the other (i.e. martensitic transformation) is the basis for
the shape memory effect. More into detail, austenite, under no load conditions and upon cooling,
begins to transform into twinned martensite at the martensitic start temperature (Ms) and complete
the transformation at the martensitic finish temperature (Ms). During heating, the reverse
transformation takes place, initiating at the austenitic start temperature (As) and ending at the
austenitic finish temperature (Asf). If a mechanical stress is applied to the material in the twinned
martensitic phase at low temperatures, a detwinning phenomenon occurs with the reorientation of a
certain number of variants. Such a process results in a macroscopic shape change and the
configuration attained upon deformation can be retained also when the load is removed. This behavior
makes it possible to program the SMA temporary shape. Upon heating above As, the detwinned
martensite will go back to austenite phase, thus leading to complete shape recovery. Cooling back to
a temperature below Mt will result in the formation of twinned martensite with no associated shape
change. The minimum stress required for starting the detwinning process is named detwinning start
stress (os), While the stress level corresponding to complete detwinning of martensite is recognized
as the detwinning finish stress (of). When the material in the austenitic phase is cooled upon a
mechanical load greater than os, the phase transformation can cause the direct formation of detwinned
martensite, thus producing a shape change. On the other hand, reheating the material would determine
the relevant shape recovery while the load is still applied. Overall, the transformation temperatures
increase with an increase in the magnitude of the load. Stress-free cooling of austenite below the Ms
and M results in the formation of twinned martensite. When the latter is subjected to an applied stress
that exceeds o5, a reorientation process is initiated, with the growing of favorably oriented martensitic

variants. The detwinning process is completed at ofand is maintained also in the absence of load.
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Upon heating with no stress, from As to Ar the shape recovery occurs and only the parent austenitic
phase remains. Subsequent cooling to martensite will result in the formation of self-accommodated
twinned martensitic variants with no associated shape change, and the whole cycle of the shape
memory could be repeated. To summarize, a SMA exhibits the shape memory effect when it is
deformed in the twinned martensitic phase and then unloaded while at a temperature below As. Upon
heating above Ay, it will recover its original shape, by going back to the parent austenitic phase.

The phase transformation of SMAs can be triggered not only by temperature (i.e. shape memory
effect) but also by applying a sufficiently high mechanical load to the material in its austenitic phase,
leading from austenite to fully detwinned martensite. When the stress is released at temperatures
above Ay, the crystal form returns to the austenite phase and the material regains the more stable initial
micro-/macroscopic configuration. This phenomenon is known as superelasticity, and it leads to an
immediate shape change on unloading, which cannot be controlled nor programmed. In the case of

nitinol, such a phenomenon typically occurs at room temperature.

1.1.2 Main applications and characterization studies

Since its discovery, many commercial applications of nitinol were proposed, but only in the 1990s
this material made its commercial breakthrough in the biomedical field [26,29]. In this respect,
various devices have been designed, such as archwires, drills for root canal surgery, spinal vertebra
spacers, artificial bone implants, tools for microsurgery such as a cardiovascular atrial septal
occlusion device, filters for removing blood clots, and the so-called self-expanding stents [30-33].
The latter have been investigated for allowing expansion of esophagus, biliary duct, trachea, bronchi,
ureters and urethra. However, their blockbuster is probably represented by the vascular application.
Traditionally, vascular stents were made of stainless steel. They were inserted in the human body
through a catheter and were expanded in situ to the size of the artery by an inflatable balloon. The
use of self-expanding superelastic nitinol stents allowed to overcome the limitations typical of

stainless steel stents, such as the partial fit loose associated with the elastic unloading and damages
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of vessels resulting from over-expansion, while improving adaptability to different anatomical
characteristics. After being constrained, the stent is introduced into the body where the temperature
exceeds As. When the external constriction of the catheter is removed, the stent expands to adapt itself
to the larger diameter of the vessel due to the above mentioned superelasticity and gently pushes
outward on the walls.

When dealing with the applications in the pharmaceutical field, nitinol still turned out to be the main
material investigated. Different targets for using its shape recovery capability were identified and will
be discussed in Chapter 2. As nitinol can also show a superelastic behavior, the DDSs only relying
on such a characteristic were deemed out of the scope of the present review, although they may show
similar functionality and therapeutic objectives to those here considered [34-37]. Besides drug-
containing stents showing self-expansion, two of the most significant applications are the Lidocaine-
releasing intravesical system named LiRIS and a gastroretentive device for long-term tuberculosis
treatment developed by Verma and coauthors [34,38]. The LiRIS system is an osmotic pump in which
a nitinol wire is inserted into a silicon tube also housing a drug containing formulation (e.g. powder,
mini-tablets). The nitinol wire has a pretzel-like shape which allows the system to assume a bulky
configuration that prevents its emptying from the bladder. However, to accommodate the system
inside a catheter for intravesical administration, the nitinol wire was mechanically forced into an
elongated shape which was maintained by the constraint. When the stress was released at body
temperature, the crystal nitinol returned to the austenite phase and regained the coiled shape in which
it was produced.

The gastroretentive systems devised by Verma and colleagues for long-term doxycycline hyclate and
isoniazid treatment relied on an analogous working mechanism. It entailed a superelastic nitinol wire,
in which pierced drug-containing matrices were inserted, ending with a retainer and a magnet. To
increase drug loading and duration of therapy, the length of the wire and the formulation of matrices

could be modified. After reaching the stomach through a nasogastric tube, in which the system was
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forced to assume an elongated configuration, the nitinol wire curled back to the cylindrical coil shape,
thus preventing the relevant emptying through the pylorus.

Given the wide diffusion of SMAs, ASTM International has published standard test methods to guide
experimentation efforts towards the definition of their behavior, especially for R&D [6,23,27]. These
may involve differential scanning calorimetry (DSC), thermomechanical testing and the bend test to
draw indications about austenite-related temperatures. DSC analyses can be used for highlighting
solid phase transformations in SMAs under zero stress and for estimating the key transformation
temperatures. Thermomechanical testing performed on wires, dog-bones and tubes mainly involve
tensile axial loading, compressive tests and also multiaxial loading. The bend test is performed to
gain qualitative information about austenite-related temperatures. In fact, at the beginning of the test,
the specimen, in the shape of wire, tube, or strip is deformed at temperature lower than As, causing
formation of the detwinned martensite. The temporary shape would then be kept also when the stress
is released as the temperature is below As. The sample is then slowly heated, monitoring its geometric
configuration. The temperature at which the sample begins to recover its original shape would be

approximately As, and that at which the recovery process is completed is taken as As.

1.2 Shape memory polymers (SMPs)

SMPs, also known as actively moving polymers, exhibit many advantageous features with respect to
SMAs, such as being lightweight (density in the 1.13-1.25 g cm™ range versus 6.4-6.5 g cm™ for
nitinol) and allowing more marked elongations [7,8,39-40]. Moreover, they can be combined with
specific adjuvants (e.g. nanotubes, carbon fibers, magnetic nanoparticles and dyes) in formulations
showing new properties [41]. The shape recovery of SMPs can be triggered by a range of external
stimuli (e.g. increase in temperature, application of a magnetic field, irradiation, pH change, contact
with water), which could also be applied remotely or wirelessly [7,42-45]. SMPs are generally
characterized by a greater shape recovery capability with respect to alloys and they can turn out

compatible with a variety of cost-effective manufacturing processes, which have recently started to
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be considered for their potential in the pharmaceutical field (e.g. hot melt extrusion, injection
molding, 3D printing) [46-55]. For these reasons, they could be tailored to specific applications.

Polynorbornene developed by CdF Chimie Company in 1984 was the first SMP, commercialized
under the trade name of Norsorex by the Nippon Zeon Company [6,56]. In the following years, Kurare
TP-301 by Kurare Corporation, Asmer by Asahi Company and polyurethane-based SMP developed
by Mitsubishi Heavy Industries became available on the market. Initially, SMPs were employed for
the fabrication of a range of medical devices, such as self-knotting sutures, scaffolds for tissue
engineering and relevant repair, orthodontics, stents, clot removal and aneurysm occlusion devices,
systems for cardiac valve repair and occludes for congenital heart diseases [5,40,57]. Later on, they
were proposed also in the drug delivery field. In particular, thermo- and chemo-responsive SMPs as
well as those based on supramolecular interactions were mainly tested, while applications involving

the use of light-responsive polymer are still minor [58-60].

1.2.1 Mechanism of shape recovery

The shape recovery behavior of SMPs requires suitable architecture and morphology of the polymeric
network, combined with tailored processing and programming steps [56,57,61,62]. The typical SMP
network is [7,8,62-64]. The netpoints, which are connected by chain segments, are responsible for
memorizing the original shape. Indeed, they are not affected by deformation of the material after
production (e.g. programming step) and for this reason are generally named as permanent. On the
other hand, the chain segments would allow a certain conformational freedom, leading to
deformability, which generally increases with length and flexibility of such chains. In particular,
flexibility is essential for programming the temporary shape. Therefore, while the secondary shape is
stabilized by the temporary fixation of the conformation of chain segments in the deformed shape,
the recovery of the original shape is enabled by the entropy-driven recoiling of these segments, as the
randomly coiled state represents the most favorable state from the entropic point of view. Such a

reversible fixation can be attained either by solidification of the so-called switching domains, which
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are formed by the switching segments, or by formation of further covalent crosslinks (i.e. netpoints)
that should be reversible, which means that can be formed and cleaved when needed.

Netpoints responsible for the original shape are generally of chemical (i.e. covalent crosslinks) or
physical (i.e. intermolecular interactions) nature. Chemical crosslinks can be created either directly
during the synthesis of the SMP or by post-processing methods, adding a radical initiator to the
starting materials and inducing relevant crosslinking by radiation (e.g. y-radiation, UV light,
neutrons). On the other hand, physical interactions are typical of polymers consisting of at least two
segregated domains, such as a crystalline and an amorphous phase. In this structure, the domains
related to the highest thermal transition temperature (i.e. Tperm) are named hard domains and generally
show a glass transition temperature (Tg) or a melting temperature (Tm) much higher than working
temperatures, thus acting as physical netpoints in their typical operating conditions. Conversely, the
chain segments with the second highest thermal transition (i.e. Tans), which means a lower Tq or Tm
with respect to that previously mentioned, represent the switching domains. These are responsible for
fixing the temporary shape. Fixing can also be promoted by the formation of additional reversible
netpoints either of physical or chemical nature. In the former case, the additional netpoints are
obtained by solidification of switching domains (e.g. vitrification, crystallization) following cooling.
The consequent reduction in molecular mobility allows macroscopic shape fixation. Such netpoints
are considered reversible because, by increasing the temperature, the crystals could melt and the
glassy domains return to the liquid state. On the other side, reversible chemical crosslinks are
generally obtained upon reaction of two functional groups and the resulting chemical bond can be
cleaved on demand by exposure to an appropriate stimulus (e.g. cinnamic acid and cinnamyliden acid
groups that can undergo a photoreversible reaction when irradiated with light of suitable
wavelengths). In this respect, Twans enabling the reversible solidification of the switching domain can
be a melting transition, a liquid crystalline transition and also a glass transition. Notably, chain
segments providing the switching domains for the temporary shape and netpoints determining the

permanent shape do not need to be covalently connected with each other, as in the case of polymer

12
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blends. Chemically crosslinked SMPs, in which the temporary shape is fixed by one switching
domain, would show marked decrease in the mechanical properties when the temperature exceeds
Tians. In the same conditions thermoplastic SMPs (i.e. polymers characterized by physical crosslinks)
do not show such a drastic change as the crystalline domains, providing the physical cross-links for
the original shape, would reinforce the amorphous switching domains. Moreover, although covalent
polymeric networks generally exhibit greater capability to fix the temporary shape and recover the
original one, thermoplastic SMPs, when actuated, are able to develop much higher stresses.
Moreover, they could be subjected to hot processing.

For thermo-responsive SMPs, the temporary shape can generally be programmed by heating the
device at a temperature above Tians but below Tperm While applying an external stress. The temporary
shape is then fixed by cooling the item below Tians. Subsequently, the shape recovery will be triggered
only when the temperature will be higher than Tians thanks to either a direct or indirect heating
process. Besides using a heat source directly in contact with the SMP object, which may also occur
on administration at body temperature, indirect heating was attained using laser light, alternating
magnetic fields, near-infrared illumination and ultrasound treatment. However, this strategy often
requires appropriate formulation, for instance adding to the SMP suitable absorbing dyes, magnetic
nanoparticles and other functional excipients.

In the case of chemo-responsive SMPs, the programming step is essentially analogous to that
previously described for thermo-responsive polymers [65-67]. However, instead of heating above the
switching temperature to start the shape recovery process, the latter is activated by reducing the
interaction among macromolecules. This can be attained by softening, swelling or dissolving the so-
called transition component (i.e. the part of the polymer able to alter its mobility in response to the
triggering external stimulus), thus promoting a reduction in the transition temperature. Focusing on
the softening-induced shape memory effect, the recovery of the original shape is driven by the
diffusion of solvent molecules into the polymer network. Indeed, the absorbed molecules would act

as a plasticizer and decrease the interaction force among macromolecules while promoting the

13



©CO~NOOOTA~AWNPE

mobility of the polymer chains. Overall, this leads to a reduction in the switching temperature with
the recovery of the original shape occurring under isothermal conditions and potentially at room
temperature. Such an approach may be applied to fine-tune the transition temperatures of a given
polymer network without changing the relevant chemical composition. Moreover, it represents the
basis of the water-induced shape memory effect. In pharmaceutical applications, this has the main
advantage to reduce the risks of damaging the surrounding tissue due to an excessive increase in
temperature needed to trigger the shape switching. Swelling-induced shape memory behavior is
typical of hydrogels. The polymer network, upon immersion into an appropriate medium, may
progressively hydrate and swell, thus resulting in the formation of a gel. The latter is able to undergo
a large deformation, which can be translated in a volume expansion until an equilibrium state for a
given environment is reached. At the same time, a reduction in the transition temperature of the
polymer could be attained activating the shape recovery process. Finally, shape recovery can be
triggered by the dissolution of the transition components of SMPs.

More recently, supramolecular interactions have also emerged as an interesting strategy for the
development of novel SMPs with properties not always achievable by the conventional triggering
approaches [59,65,68]. These materials are based on the incorporation of reversible binding groups
into the polymer network, serving as either permanent or temporary netpoints. Indeed, a reversible
binding group is a kind of molecular sticker that associates to form dynamic linkages. Depending on
the type of sticker, the equilibrium concentration of disassociated groups and the rate of bond
exchange can be altered upon appropriate stimulation. For this reason, an ideal reversible binding
group should be more stable in the associated state, with slow exchange to establish long-lived
netpoints, while exhibiting good reversibility when exposed to the trigger. Reversible binding groups
could be either noncovalent or covalent. By way of example, they include hydrogen bonds, ionic
interactions, metal coordination, hydrophobic interactions, transesterification and reversible addition-
fragmentation reactions, as well as disulfide bonds. By using reversible binding groups different goals

could be attained, such as decoupling the shape memory effect from the mechanical behavior of the
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polymer and enabling alternative shape memory triggering strategies (e.g. non-thermal switching
mechanisms relying on the changes in chemical environment). This way, multiple and tunable shape
memory effects could be combined in a single polymer network. Indeed, the relevant shape memory
effect can be triggered, step by step, by heating, by contact with a specific solvent and by varying the

chemical composition of the fluid in which the material has to perform its function.

1.2.2 Main applications and characterization studies

A few decades after the advent of SMPs in the biomedical field, the research interest is currently
aimed at i) testing unusual stimuli to induce the shape-memory effect (e.g. biological stimuli such as
interaction with enzymes), ii) achieving more complex shape changes, involving for instance multiple
shifts between several temporary shapes, and iii) combining the shape memory behavior with other
functions (e.g. biodegradability, electrical conduction, magnetism), to develop so-called
multifunctional materials [62,64,69-72].

The level of in-depth knowledge acquired on SMPs over the years has allowed the modification of
structural parameters of their molecular architecture, resulting for instance in the modulation of the
switching temperature between temporary and original shape [7,8,57,71]. This turned out useful for
the development of materials specifically tailored to a desired application. Besides the reversible
fixation of the temporary shape, the phase transition of the switching domains would determine
changes in diffusivity, transparency and mechanical properties of the SMPs. Indeed, the knowledge-
based development of new polymers was made possible by appropriate characterization methods
employed to study the network on the macroscopic and molecular scale. Also morphological analyses
were carried out by fabricating prototypes, mainly by casting.

On the macroscopic scale, the extent to which a deformation can be fixed to give a temporary shape
and the recoverability of the permanent shape are of utmost importance and depend on many
parameters, such as temperature, environment, Kinetics, and type of mechanical deformation in

addition to the intrinsic properties of the polymer under investigation [7,73]. For this reason, cyclic
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thermomechanical experiments, carried out using a tensile tester equipped with a thermal chamber,
were employed to determine the capability of the switching segment to maintain the programmed
shape (i.e. shape fixity ratio) and of the material to memorize and recover the original shape (i.e.
shape recovery ratio). The tests involved the programming of the temporary shape, carried out under
stress-controlled or strain-controlled conditions, and the recovery of the original one, generally
occurring under stress-free conditions. By way of example, a cycle may consist in heating the sample
to a temperature higher than Tians, but lower than Tperm, and stretching it to the desired strain. Then
the specimen is cooled down below Ttrans under the imposed constant strain, thus fixing the temporary
shape. After heating the sample up to Tans, Shape recovery would occur and the cycle can be repeated.
By performing multiple cycles, the effect of processing and storage could also be understood. Also
bending tests were in some cases performed, during which the sample heated above Tirans Was bent to
a desired curvature and then cooled down to fix the temporary shape. To trigger the shape recovery,
the items was then re-heated above Tiwans, and the changes in the deformation curvature were
monitored over time. Such tests can be carried out either in air or in contact with suitable aqueous
media, depending on the final intended application of the system.

The polymer architecture, intended as netpoints determining the permanent shape and reversible
domains determining the temporary one, were in-depth characterized on the molecular/morphological
level. Complete testing procedures can be followed to evaluate many different aspects, such as
chemical composition and structure, segment lengths, network geometry and relevant morphology,
crosslinking density and functionality or physical netpoints, thermal transitions as well as the
mechanisms for closure and cleaving of reversible chemical netpoints. In the scientific literature
currently available various techniques were proposed: swelling experiments and nuclear magnetic
resonance spectroscopy to evaluate crosslink density, differential scanning calorimetry and dynamic
mechanical thermal analysis to study the thermal characteristics, transmission or scanning electron

microscopy, polarized optical microscopy and scattering methods to investigate the morphology.
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Considering the application of SMPs in the pharmaceutical field, various research works were
focused on the chemical structure of the polymer and how to engineer it, for instance to develop
multifunctional materials [64,71,74-79]. Indeed, the polymer structure would affect not only the
device performance, e.g. in terms of shape memory, dissolution/biodegradation and capability of
controlling the release, but also the way the material can be processed to the desired original shape
and therefore the compatibility with different drugs to be loaded. The drug itself would represent
another key element to take into account. If it is embedded into the SMP matrix, also the loading
procedure may have an effect on the overall behavior of the system. Finally, even the characteristics
of the physiological environment in which the device is expected to perform (e.g. temperature, pH,
presence of ions and proteins) may impact on the SMP behavior. In this respect, an ideal SMP,
depending on the functions it has to fulfill in the final DDS, would allow independent tailoring of
each of the features it should be provided with [7].

In a great number of publications, newly synthetized materials for the manufacturing of implantable
devices were described, which involved the need for sterilization [7,8,56,63]. The method for
sterilizing the product can affect the biocompatibility and performance of the DDSs, for instance by
altering the thermomechanical properties of SMPs. Steam sterilization would be risky due to the high
temperatures required (121-132 °C), which can potentially melt or change the intrinsic structure of
the material. Although ethylene oxide and low temperature plasma sterilization are carried out at
lower operating temperatures, the former involves proper aeration of the device, as the gas is
inherently toxic, and the latter may affect the surface chemistry and toxicity of the DDS due to vapor
residuals and hydroxyl radicals associated with the plasma phase. On the other hand, y-rays and e-
beam irradiation can be associated with changes in the molecular weight of the SMP and both
crosslinking and scission of its chains. Therefore, irradiation could affect not only biocompatibility
of a selected polymer but also the degradation rate in the case of materials designed to be
biodegradable. Notably, any sterilization method operates at temperatures above body temperature.

Considering that many of the systems described were fine-tuned to show shape recovery at body
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temperature, sterilization may result in premature deployment if the device is sterilized in its
temporary shape. To overcome such an issue, some researchers have proposed to make use of the
water uptake process that occurs in vivo, having the water working as a plasticizer and decreasing the
SMP activation temperature. This would foster stability of the device at higher temperature during
sterilization without affecting its shape memory capability in biological fluids (i.e. at body
temperature in contact with water). On the other hand, in vivo water uptake may proceed slowly and
this could be an issue with regards to the kinetics of the activation process. In addition, the mechanical
properties of the device may be negatively modified over time with the water uptake. Indeed, the
presence of water would increase the polymer free volume and promote chain flexibility at a given
temperature. Also, hydrogen bonds between water molecules and possible hydrogen-bond acceptors
in the polymer chain may weaken the polymer-polymer interaction and further contribute to the
increased chain flexibility. Due to all the above-mentioned criticalities, despite the increase in the
costs of manufacturing, asepsis production methods could turn out mandatory. However, challenges
still remain about how to prevent early activation of the shape memory device during storage and
shipping. Use of packaging constraints, as done for alloys, may prevent the device from deploying in
the case of undesired temperature increase. However, the same constraints may determine further
challenges for sterilization. In addition, if the device is built to be activated at body temperature, there
would be a narrow gap between storage temperature, typically room temperature, and activation
temperature, which may cause its premature activation. For this reason, researchers have also
considered other triggers, such as electromagnetic field and ultrasound, to enable an increase in
temperature for the DDS only once administered. This strategy would allow to set a higher activation
temperature for the device as the source of indirect heating would be limited to affect the device. This
approach would need extra equipment and has anyway the potential to overheat the surrounding
tissues with relevant damages. At the same time, in vitro and in vivo studies should be performed to
understand compatibility and toxicity of the resulting item, taking in mind that these characteristics

are dependent on the tissue in which the system is intended to perform [39,7,8,64,71]. The time during
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which the system is to be maintained in a specific tissue plays a pivotal role, and thus material
biodegradability should be considered. Biodegradation is mainly caused by hydrolytic bond cleavage,
the rate of which is in turn affected by diffusion processes. In the case of slow diffusion into the
polymer matrix, this could lead to a degradation gradient from the surface to the core of the device,
with a high degradation rate at the surface. As a result, the system appears reduced in size, but it may
maintain its integrity and behavior at the core level. By contrast, when diffusion is faster than
hydrolysis, degradation takes place all over the polymer matrix, thus resulting in bulk degradation.
During this time, mechanical properties of the device should be so as to avoid damage to the tissue

or acute inflammation would occur.

1.2.3 4D printing

Considering SMPs processing into the original shape, the advent of 3D printing technologies has
further widened the range of applications of these materials by providing the tool for 4D printing [79
[80-85]. This term was used for the first time in 2013 by Tibbits during a TED talk to highlight time
as a new dimension for the development of 3D objects. In this respect, 4D printing was described to
entail either materials that can change from one programmed shape to another or multi-material prints
with the capability to transform over time, thus overcoming the concept of 3D printed objects as static
structures. Afterwards, being employed by different other researchers, the meaning of this term was
expanded to indicate any targeted evolution of 3D printed structures, in terms of shape, properties
and functionality. Over time, 4D printing has taken on a main meaning by referring to the fabrication,
via different 3D printing techniques and using smart materials as feedstocks, of items showing self-
transformation ability, after production and in response to an external stimulus [26,86-90]. Although
the main changes occur in size and shape of the object, these make also possible to modify the relevant
performance and to achieve new functionalities.

Morphological changes in the end-product when exposed to a certain stimulus might depend on the

use of smart materials as such and in combination, on the manipulation of the design and on the
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printing orientation as well as composition of layers. In this respect, in addition to the x, y and z axis
for the definition of a shape, 4D printing takes into account also how these coordinates change over
time during the transformation. The basic principle of 4D printing is to create precisely controlled
localized internal stress within a printed structure, which upon subsequent release of this stress can
undergo further 3D shape shifting in a predictable manner [81,86,90-93]. In this respect, deformation
mismatch and shape memory effect are the main ways to attain 4D printing. A deformation mismatch
is typical of multi-material objects and may be induced by the relevant differences in physical
properties, such as thermal expansion coefficient and swelling ratio. By way of example, 4D printed
structures investigated so far were purposely designed to entail rigid polymeric structures and
hydrogels. The diffusion of water into the hydrogel polymeric network would cause a specific and
localized swelling, thus ensuring an evolution of the overall item shape in a controlled way.
Alternatively, 4D printing could rely on the use of SMPs even for single composition items. These
are the applications we found relevant in this review. In those cases, 4D printing also involved a so-
called smart design phase, which has to take account of the original shape, the temporary shape, the
transformations undergone by the object to shift from one another and relevant mechanisms.

3D printing technology has found main application in the pharmaceutical field for the development
of personalized medicines, thanks to the versatility in composition, geometry and performance of
drug products it can bring about [47,51,55,94-97]. In this respect, 4D printing holds even greater
potential in tailoring to the needs of a specific patient, being able to define at the same time not only
the characteristics the DDSs would have during administration but also those acquired at the target
site prior, during or after the release of the drug. This would be particularly interesting in the case of
implants that should be placed in a specific body area and whose shape should be adapted to the
characteristics of the subject to be treated. As 4D printing involves the use of technologies still
relatively little known in the pharmaceutical field, where formulation and process parameters are
heavily conditioned by the need to comply with stringent quality and safety requirements, the number

of applications proposed so far in the scientific literature are very limited and there is still no full
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awareness of what they might be. However, they are expected to largely grow in the next years,
bringing a deeper understanding of 4D printing technique from the material, manufacturing and

transformation over time points of view.

2. DDSs based on SMMs

Gene therapy and precision dosing, as well as the research for more effective and efficient production
models, especially in view of the reduction in manufacturing scale associated with personalized
medicine, seem to represent the new frontiers for the pharmaceutical field [48,98-107]. These
applications would take advantage of new fabrication methods and drug delivery strategies, which
SMMs could enable. Indeed, the use of such materials might represent a promising strategy to broaden
the boundaries of traditional drug delivery and for the development of the so-called smart DDSs. As
a part of a very innovative research topic, putting therapeutic needs before patient compliance has
been already demonstrated to impact on adherence to the treatment, with important economic and
epidemiological consequences, and this should not be disregarded [108-110]. In this respect the
development of DDSs relying on SMMs may provide significant improvements: i) new ways to
trigger drug release besides time-, rate- and site-dependent approaches and ii) increased freedom to
design systems able to settle, adapt or remain and then release the conveyed drug, in the target districts
or move away from them. These goals could even be attained overcoming the limitations associated
with the conditions of administration, such as frequency, invasiveness and need for hospitalization.

Before the advent of smart DDSs, SMMs were already widely studied for biomedical applications, in
particular for the production of drug-free stents and scaffolds. As a natural evolution, since the mid-
2000s, a research line was launched aimed to explore the feasibility of new materials to be used for
the development of implantable DDSs. These polymers were intended to combine shape-memory
effect at body temperature, to enable administration via minimally invasive implantation,
biodegradability, to avoid a second surgery for removal, and controlled release of drugs, to pursue a
range of therapeutic benefits [77-79,111-113]. With the idea of broadening the range of available
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multifunctional materials - i.e. polymers showing different independent functionalities - and to tailor
them to the desired application, new polymers were purposely synthetized [64,72,74-76,79,113-120].
In this respect, a fine tuning of various molecular parameters was carried out during the synthetic
process. By way of examples, polyurethane-poly lactide-co-glycolide and polyurethane-poly-L-
lactide/polyethylene glycol, polyestermethacrylate copolymers, copolyester urethanes, AB-polymer
networks having cooligoester and poly(n-butyl acrylate) segments, polydiolcitrate polyester
elastomers, poly(L-lactide-co-glycolide-co-trimethylene carbonate) and poly(e-
caprolactone)/trisilanolphenylpolyhedraloligomericsilsequioxan networks were proposed. Overall,
temperature-sensitive multilaterals were mainly proposed with a few examples of shape memory
polymers based on supramolecular interaction. The research works were thus focused on the design
and the application of a characterization strategy involving the evaluation of i) polymer network
architectures (e.g. crosslinking density, molecular weight), ii) polymer biocompatibility,
biodegradability, thermo-mechanical and shape memory properties, even in an aqueous environment
as water may act as a plasticizer, iii) feasibility of drug incorporation in the polymeric network, either
before the relevant synthesis or in the resulting material by soaking, iii) influence of drug properties
(e.g. solubility, hydrophilic-lipophilic balance, molecular weight), loaded amount and incorporation
method on the thermo-mechanical and shape memory properties of the material, and release
performance as well as biodegradability of the system. On the other hand, what has not yet been
addressed in these research works was the design concept of the DDSs, i.e. the shape and dimension
in which they were manufactured and that would be recovered in vivo, the site of administration and
the target area for the release of drugs, the molecule conveyed and the therapeutic use. Only well-
defined DDSs relying on the use of SMAs and SMPs have been considered in detail and are presented
in the following 2.1-2.4 Sections, being classified according to the objective for which the recovery
of the original shape was exploited. Particularly, the temporary administered shape, the original
recovered one and the stimulus employed for activation of the shape memory effect were highlighted.

The most common triggering mechanism used was that of body temperature and was indicated as
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direct heating. SMPs proposed for the development of DDSs were most frequently represented by
purposely synthetized and in-house crosslinked polymers to obtain the network enabling the desired
shape recovery effect, in terms of triggering conditions (e.g. temperature, supramolecular
composition), efficiency of recovery (e.g. shape fixity and shape recovery ratio) and mechanical
characteristics of the device. This could pose a major limitation since biocompatibility, quality and
safety of the DDSs need to be demonstrated. Only in few cases, commercially available starting
materials were employed as such.

Overall, systems at an early development stage were presented. In this respect, the research works
reviewed mainly involved use of tracers or model drug molecules, simple study of model original and
temporary shapes, rare adoption of industrially scalable manufacturing techniques, with preference
to manual fabrication processes, in vitro studies of the shape memory behavior and release
performance, few ex and in vivo data obtained in animal models or cadavers. Therefore, an effort was
made to describe and summarize in the following Tables the research level achieved for the systems
described in the reviewed articles, the innovation features and the possible room for improvement

identified by the authors themselves.

2.1 Shape recovery for reaching the target area

In one main application, the shape recovery of nitinol provided a DDS with the ability to deliver drugs
into the eustachian tube after being administered through the nasal cavity [121]. This approach would
in principle allow to treat sudden hearing loss with no need for invasive insertion in the middle ear
and overcoming the limits of movement in the nasopharyngeal cavity imposed by the nasal vestibule.
The main features of this system are summarized in Table 1.

Tendon-driven manipulators with a size in the range of mm are generally used for transnasal
administration. The availability of an actuator based on the nitinol shape memory effect can be
considered particularly interesting as this material is characterized by excellent strength to weight

ratio, thus enabling device miniaturization without losing performance. This way, a good distal
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control of the device is maintained even in very tortuous administration paths, thus making the drug

administration safer. Conversely to other active DDSs, no expensive microelectromechanical systems

(MEMS) technology would be required for providing heating to trigger the shape recovery. In fact,

the actuation would be obtained by Joule heating of the alloy, connected to an external direct current

power supply through copper wires to overcome battery life limitations.

Table 1: DDSs for which the shape recovery effect allowed to reach the target area

Reference

[121]

SMM

Commercial nitinol

Brief description of the system

Nitinol wire enclosed in a stainless steel ribbon spring, working
antagonistically to the wire. A flexible tube acting as a drug reservoir inserted
into the wire-ribbon assembly and connected to an external syringe for
pumping the drug.

Administration route

Insertion in the middle ear through the nasopharyngeal cavity

Temporary (administered) shape

Curved shape

Triggering stimulus

Indirect Joule heating via an external direct current power supply

Original (recovered) shape

Straight shape

Target area for drug release

Eustachian tube (middle ear)

Therapeutic goal

Treatment of sudden hearing loss

Loaded drug/tracer

A dye solution

Main advantages / Innovation
features

Capability of the system to navigate through tortuous paths characterized by
wide range of dimensions

High distal control

Passive activation leading to cost reduction

Research level

Design concept and preliminary in vitro studies (arranging a set of loosely
placed rings based on the anatomy of the middle ear) and ex vivo studies (on
a cadaver head) with a tracer

the authors

Room for improvement identified by

Relatively high activation temperature
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2.2 Shape recovery for enabling retention in the target area

The ability of SMMs to take on a shape, different from that in which they were administered, bulkier
or otherwise suitable for being retained in a specific body region, was applied for the design of
implants/scaffolds, stents and systems specifically devised either for being maintained within hollow
organs (e.g. stomach, bladder or vagina) or for wound treatment. By extending the residence time of
DDSs, inherently designed to control rate or time of release, complex release performance and new
therapeutic targets became accessible.

These DDSs were conceived with a temporary shape such as to ease the conditions of administration
when these involved sites inside the human body that are rather difficult to reach, without impacting
the ability of the systems to remain in the target areas and release their content. In fact, the latter
objectives were fulfilled by the recovered original shape. On the other hand, the temporary shape
could, for example, allow to insert the DDS into a catheter, make it injectable through syringes,
swallowable and even implantable by minimally invasive surgery.

In the following Tables 2-5 the main features of the systems proposed so far in the literature, which
were subdivided on the basis of the route, mode or objective of administration, were summarized. In
particular, the SMMs employed and main characteristics of the DDSs were briefly described
including the site of administration/release, the therapeutic goal pursued, the administered temporary

shape as well as the recovered original one, and the triggering stimulus.

2.2.1 Implants/Scaffolds

SMMs have found an interesting use in the pharmaceutical field in response to the strong clinical
trend towards minimally invasive surgery (Table 2). Indeed, implantation of initially small objects,
that only in situ may gain a bulkier configuration with the desired shape and functionality, would be
highly advantageous [113,122]. Only a few systems were proposed for specific administration sites,

such as bones and cartilage, while the great majority of the applications reviewed were mainly
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focused on general tissue and vascular regeneration, on the release of anti-bacterial and anti-
inflammatory drugs to prevent implant failure and on promoting wound healing [123,124].

In the field of tissue engineering, SMMs have also enabled evolution of scaffolds, i.e. from devices
having poorly versatile and editable physical/chemical properties, to implants designed for the growth
of cells and the release of drugs intended, for instance, to promote repair or regeneration of tissues.
In consideration of the high cost and limited bio-security of scaffolds containing in vitro-grown cells,
cell-free shape-memory scaffolds were then proposed [122]. Porosity, which affects the formation of
blood vessels through the scaffold, and biodegradation, required to occur in a specific period of time
in order to make space for the grown tissue to take over, are of crucial importance in the development
of scaffolds [125-127]. In this respect, hydrogels showing shape memory effect were widely
employed in cell culture and tissue engineering as their internal structure easily allowed to provide
enough support for cell growth using a limited amount of material. However, there was no effective
ways to control the internal structure of the resulting systems. To overcome such a challenge, 4D
printing relying on gel extrusion 3D printing was successfully tested for the fabrication of scaffolds
based on shape memory hydrogels characterized by a good control of the internal mesh structure
[128]. Notably, in such a system the shape memory effect was triggered by supramolecular
interactions (i.e. removal of calcium ions). This strategy was used to avoid temperature triggering,
but still lacks the identification of a suitable procedure to activate the shape recovery in vivo.

In most of the manuscripts considered, temperature-responsive SMMs were investigated to fulfill the
need for administering implants through minimally invasive surgery [122,123]. Besides being
biodegradable and characterized by suitable mechanical properties they should also enable the control
of drug release in terms of time, rate and site. Not only typical polymeric prolonged-release matrices
were proposed, but also multiple-unit systems based on bonded microspheres [42,123]. Such systems
were produced, programmed and administered as a single whole unit, but showed the ability to

maintain the independent release performance of the subunits.
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With respect to the stimulus triggering the shape recovery behavior, direct heating was often used in
vitro but the relevant application in vivo remains an open question, especially in view of the relatively
high temperatures required. Thus, indirect heating sources were investigated. By way of example,
high intensity focused ultrasound (HIFU) was tested as an interesting triggering stimulus because the
beam can be collimated into a tight focal spot of about 3 mm and can show a prominent selective
heating effect [42,44]. SMPs can absorb the mechanical energy generated by viscous shearing
oscillation exerted by focused ultrasound and subsequently relax, releasing the energy in the form of
heat. Besides being well-known for the ability to penetrate much deeper into the body with respect
for instance to light, HIFU could also be involved in controlling drug release. In the systems
investigated, ultrasound waves were demonstrated able to trigger drug release via thermal and
cavitation effects. Indeed, the temperature rise would determine swelling of the polymeric network
and increase in the relevant permeability. On the other hand, ultrasound waves passing through a
liquid determine the creation of microbubbles that grow and collapse in a few microseconds, thus
generating high speed microstream and shock waves on the surface of the polymer matrix. These
would promote the pentration of water into the polymeric network leading to drug dissolution and
diffusion outside. In addition, HIFU was proved able to selectively heat the devices, even at high
temperatures, without warming in a risky mode the surrounding environment and causing possible
tissue damage. Such a localized heating could also be exploited to trigger shape recovery only in pre-
defined areas of the DDS. However, the use of an indirect heating source would require an extra
equipment to have the system perform correctly, thus increasing the cost of therapy.

Many of the proposed systems were in a preliminary stage of development, entailing prototypes
having model shapes (e.g. I, U or cylindrical shapes), and were not provided with a geometry specially
designed for the final application. Since they consisted of polymers/copolymers either purposely
synthesized or crosslinked to give rise to the shape memory effect, biocompatibility and

biodegradability, the latter being particularly challenging for implant removal at the end of their
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performance, have started to be approached but would benefit from further investigation, especially

after identifying a specific therapeutic goal/target area for each system.
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Table 2: DDSs for which the shape recovery effect allowed prolonged retention in the target area: implants/scaffolds

Reference [44] [42] [124] [123] [128] [122]
Purposely
?r/g;gﬁng Commercial Purposely synthetized 2-vinyl- Purposely Purposely synthetized
- 4,6-diamino-1,3,5-triazine, 1- . . . crosslinked crosslinked poly(glycerol
SMM poly(buty! poly(lactic-co- vinylimidazole and Commercial poly(lactic-co-glycolic) commercial se- bacate) and poly(1,3-
methacrylate-co- gIYCOI'C) acid and polyethylene glycol diacrylate acid alginate and propylene sebacate)
methyl chitosan )
methacrylate) copolymer pluronic F127 copolymer
copolymers
Drug-containing Bonded polymer- Terpolymer hydrogels Bonded polymer-based microspheres 3D printed Drug-containing
polymeric matrix based microspheres | coordinating ionic drugs containing the drug hydrogels (gel polymeric matrix
containing the drug extrusion)
containing the
Brief drug
description of
the system - a oo Eulniw

—

Administration

route Implantation Implantation Implantation Implantation Implantation Implantation
Compressed cylindrical

Temporary Tetrahedron, pentahedron, shape (smaller height);

(administered) |1 shape V shape cube, cylindrical and U shape Folded shape kissi-like, bear-like,

shape

multiwalled-tube shapes

quadripod-like, chair-like
and drone-like shapes

Triggering Indirect heating via | Indirect heating via - . . Removal of . .
stimulus HIFU HIEU Removal of zinc Direct heating calcium Direct heating
Original Triangular, four-angular, Cvlindrical and
(recovered) M shape I shape cruciform and rectangular I, J, N, U shapes Planar shape y .

. sunflower-like shapes
shape shaped films
Target area for General General/Bones Subcutis Bones General Cartilage

drug release
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37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

Therapeutic

Tissue and vascular

Tissue regeneration

Anti-bacterial and anti-
inflammatory activity to

Tissue regeneration and prevention of

Tissue

Tissue regeneration

goal regeneration prevent implant failure and relevant infections regeneration
promote wound healing
Loaded Fluorescein Vancomycin and vancomycon-
drua/tracer Copper sulfate isothiocyanate- Zinc tho damize B Y Methotrexate Kartogenin
g labeled lysozime
Shape recovery also

Use of localized triggers drug release _ _ _

heating to promote | Modulation of shape Suitable for short | High porosity
Main shape recovery of | recovery extent and | Fine-tuning of the mechanical, |Release performance of the system Fem: _ Shape memory effect also
advantages / selected parts (switch | drug release shape memory and release different from that of single microsphere | Implantation considering complex
Innovation o_n-off behavior with | (pulsatile release) controlling capabilities components 4D printing configurations
features fine-control) obtained by varying | Biocompatibility Biodegradability Biocompatibility | Biocompatibility

Shape recovery also
triggers drug release

the HIFU output
power

Biodegradability

Biodegradability

Biodegradability

Research level

Design concept and
preliminary in vitro
studies

Design concept and
preliminary in vitro
studies with a tracer

Design concept and preliminary
in vitro and in vivo (rats) studies

Design concept and preliminary in vitro
studies

Design concept
and preliminary
in vitro studies

Design concept and

preliminary in vitro and in

vivo (rats) studies

Room for
improvement

identified by the |~

authors

Poorly investigated
coordination capabilities

Relatively long degradation time

Relatively high activation temperature

Relatively long
time needed for
complete
recovery
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2.2.2 Stents

Stents are tubular structures widely used in surgery to prevent the closure of vessels or ducts (e.g.
esophagus, urethra, bronchi) [32,33,129,130]. According to the insertion procedure and expected
duration, various metal stents have been proposed over time, intended to fulfill a series of physical,
mechanical and chemical requirements. Already in 2006 approximately half of the stents produced
worldwide were made of SMAs, and of nitinol in particular, taking advantage of the relevant
superelastic behavior [29,31,131]. Particularly, vascular self-expanding stents represent the most
successful biomedical application of SMAs, both in terms of therapeutic goals achieved and impact
on the market. The main limitation showed by these products was restenosis observed about 6 months
after implantation, hence the need for percutaneous interventions for their removal [132]. Moreover,
cell proliferation and thrombus formation often occurred, leading to stent failure. To counteract such
issues, strategies based on coating the stent surface with noble materials (e.g. gold), biocompatible
polymers as well as heparin were pursued [133,134]. The research has then moved towards SMPs as
these enabled the production of biodegradable (not inducing restenosis) and biocompatible (reducing
the risks of thrombus formation) stents, which were also implantable through minimally invasive
surgery [135-137]. In fact, stents could be manufactured with the desired final diameter and then
programmed with a smaller diameter so as to facilitate the correct positioning in situ, prevent early
elastic recoil as well as negative vessel remodeling, and avoid any auxiliary devices for triggering the
shape modification (e.g. balloons). Moreover, the use of thermoplastic SMPs could enable the
manufacturing of stents via cost-effective hot-processing techniques and possibly by 3D printing,
making them suitable for customization.

More recently, shape memory polymeric stents were also implemented for the controlled release of
drugs (i.e. drug-eluting stents) (Table 3). These turned out to be mainly intended for vascular
application, not only ensuring local delivery of drugs to reduce inflammation, restenosis rate and risk
of thrombus formation (e.g. antiproliferative and antiplatelet drugs), but also for delivering

immunosuppressants to prevent rejection [135-137]. Chemo-responsive and temperature-triggered

31



©CO~NOOOTA~AWNPE

SMPs were generally employed for the manufacturing of helix-shaped prototypes because this design
would offer better mechanical resistance [136]. Indeed, in addition to biocompatibility,
biodegradation, release performance, which were features studied for many other applications,
platelet adhesion and mechanical properties of the stents as well as their ability to maintain the vessels
open during their whole life were considered fundamental. In preliminary studies, these properties
were evaluated at least by using high pressure vessel models. However, type and duration of stressful
conditions as well as the impact of the biodegradation process on the mechanical resistance of stents
should also be considered, taking the characteristics of the blood district actually involved into special

account [133,136,137,138].
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Table 3: DDSs for which the shape recovery effect allowed prolonged retention in the target area: stents

Reference [132] [133,134] [138] [136] [135] [137]
Purpo_sely synthetized _ | commercial poly (z-
. . . crosslinked Commercial poly-lactic
Commercial Purposely crosslinked Purposely synthetized . . caprolactone) and
SMM . - polyethylene glycol and | acid and poly (lactic-co-
polyurethane commercial chitosan poly(ester-urethanes) - poly(propylene
poly(e-caprolactone) glycolide) carbonate)

block copolymers

Brief description of
the system

Polymer matrix
containing the drug

Uncoated and heparin-
coated polymer matrix
containing the drug

Polymer matrix
containing the drug

Coated polymer matrix
containing drugs in the
core structure and in the
coating film

-

Polymer matrix
containing the drug

[Tl

Polymer matrix
containing the drug

Administration route

Implantation

Implantation

Implantation

Implantation

Implantation

Implantation

Temporary
(administered) shape

Elongated-tube shape

Crimped-helix shape

Helix shape of smaller
diameter

Straight shape

Helix shape of smaller
diameter

Straight shape

Triggering stimulus

Direct heating

Hydration

Direct heating

Direct heating

Direct heating

Direct heating

Original (recovered)
shape

Tube shape

Helix shape

Helix shape

Helix shape

Helix shape

Helix shape

Target area for drug
release

Blood vessels in the
cardiac area

Blood vessels

Blood vessels

Blood vessels

Blood vessels

Blood vessels

Therapeutic goal

Reduce the risk of
restenosis, thrombus
formation,

Decrease neointimal

Decrease neointimal

Reduce platelet
adhesion and
hyperproliferation

Reduce platelet

Reduce the risk of
restenosis, thrombus

inflammation and hyperplasia hyperplasia (antiproliferative and adhesion formation, mflgmmat_lon
i . . . and vascular disfunction
vascular disfunction anticoagulant action)
Loaded drug/tracer | Not disclosed drugs |Sirolimus, Heparin Paclitaxel Mitomycin C, Curcumin | Tacrolimus Metoprolol tartrate
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Main advantages /
Innovation features

Versatility in terms
of target organs
(urethra, esophagus,
trachea)

Ability to decrease the
risk of thrombus
formation, improve the
hemocompatibility and
modify the drug release
performance (reduction of
the burst phase and rate of
release) by adding a
heparin coating
Possibility of fine-tuning
the stent performance
based on the preparation

method (crosslinking
degree)

Biodegradability
Biocompatibility

Quick shape recovery

Possibility of fine-tuning
the stent performance
based on the chemical
structure of the polymer

Prolonged drug release

Suitable mechanical
resistance for in vivo
application

Biodegradability
Biocompatibility

Combined release of
two-different drugs

Possibility of fine-tuning
the stent performance

based on the chemical
structure of the polymer

Suitable mechanical
resistance for in vivo
application

Biodegradability
Biocompatibility

Quick shape recovery

Possibility of fine-tuning
the stent performance
based on the weight ratio
of the polymers

Biodegradability
Biocompatibility

No increase in bacterial
adhesion

Quick shape recovery

Possibility of fine-tuning
the stent performance
based on the weight ratio
of the polymers

Biodegradability
Biocompatibility

No pro-coagulant and
inflammatory activities

Research level

Design concept and
preliminary in vitro
studies with tracers

Design concept and
preliminary in vitro and in
vivo (rabbits) studies

Design concept and
preliminary in vitro
studies

Design concept and
preliminary in vitro
studies

Design concept and
preliminary in vitro and
ex vivo (goat vessels)
studies

Design concept and
preliminary in vitro
studies

Room for
improvement
identified by the
authors

Potential for long-term
application still needs to
be established

Relatively high
activation temperature
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2.2.3 Intra-organ systems

Prolonged-release of drugs in a target site is mainly pursued for the purpose of reducing the frequency
of administration, the drug strength and the side effects of a therapy, improving efficacy and patient
compliance [139]. In hollow muscular organs such as the stomach and urinary bladder, such a release
mode, should be accompanied by the easy insertion of the DDSs into the target area and the relevant
retention as long as necessary. This, in the case of chronic treatments, could even last for months.
Non-invasive removal/elimination from the organ at the end of the performance would also be an
advantageous additional feature. Taking these premises into account, SMPs were used to develop
DDSs with original shapes and mechanical properties suitable for the retention into the selected
hollow organs, to be fixed into temporary shapes enabling comfortable and minimally invasive
administration (Table 4). The latter turned out to be of suitable spatial encumbrance for being inserted
into a urethral or vaginal catheter, or conveyed inside a commercial hard capsule for oral
administration. Since these were DDSs designed for indwelling within specific sites, not only their
mechanical characteristics and release performance, but also their design has been considered within
the analysis already carried out in the preliminary studies. With respect to the SMPs employed,
poly(vinyl alcohol) offering the advantage of a long-established use in the formulation of drug
products and safety profile, exhibited water-induced shape memory response and good hot-
processability [140-143]. Different devices suitable for retention in the stomach and in the bladder
were fabricated by hot melt extrusion and fused deposition modeling 3D printing. In the latter case,
this resulted in one of the first application of 4D printing for the development of DDSs using
commercially available pharmaceutical-grade polymers with no need for any chemical modification
and employing the fused deposition modeling technique. The matrix systems proposed showed
prolonged release, further fine-tuned by applying external coatings with different permeability, and
dissolution/erosion behavior enabling safe elimination from the target organs with no need for

invasive removal procedures. Also a commercial shape memory polyurethane was employed for the
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manufacturing of an intravaginal device including a flux controlled pump, in which the release control

function was decoupled from the shape memory effect [144].
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Table 4: DDSs for which the shape recovery effect allowed prolonged retention in the target area: gastroretentive, intravaginal and intravesical

systems

Reference

[144]

[142]

[143]

SMM

Commercial polyether urethane

Commercial poly(vinyl alcohol)

Commercial poly(vinyl alcohol)

Brief description of the system

Flux controlled pump, composed of a rigid polymer
envelop having orifices for fluid influx and efflux,
filled with a drug containing tablet and coupled with a
shape memory retainer

AN

~

Polymer matrix containing the drug

B

Polymer matrix containing the drug

Administration route

Intravaginal (by catheterization)

Intravesical (by catheterization)

Oral (by swallowing into commercial
hard capsules)

Temporary (administered) shape

Compressed ellipsoidal shape

I shape

Supercoiled and paper clip shapes

Triggering stimulus

Direct heating

Direct heating and contact with water

Direct heating and contact with water

Original (recovered) shape

Ellipsoidal shape

U and helix shapes

Cylindrical and conical helices, S- and
atom-like shapes

Target area for drug release

Vagina

Bladder

Stomach

Therapeutic goal

Prolonged release of macromolecules for the treatment
of sexually transmitted infections, endometriosis and
uterine fibroids

Prolonged release of drugs in the bladder
for treatment of local diseases overcomimg
failures and discomfort connected with
repeated instillations through catheters

Prolonged release of drugs having an
absorption window in the upper
gastrointestinal tract, lower

solubility in the intestinal environment
or employed to treat local patologies

Loaded drug/tracer

10 kDa rhodamine B dextran, 5-(and-6)-
carboxytetramethyl rhodamine labelled insulin

Caffeine

Allopurinol
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42
43
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Main advantages / Innovation
features

No irritation or immune cell infiltration

Flexibility of the release performance

4D printing
Biocompatibility
Biodegradability

4D printing
Biocompatibility
Biodegradability

Research level

Design concept and preliminary in vitro and in vivo

(rabbits) studies with tracers

Design concept and preliminary in vitro
studies with a tracer

Design concept and preliminary in vitro
studies

Room for improvement identified by
the authors

Variation of mechanical properties upon
interaction with biological fluids

Duration of release

Variation of mechanical properties upon
interaction with biological fluids

Duration of release
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2.2.4 Systems for wound treatment

Injuries are typically treated by the application of wound dressing in ordered to foster relevant healing
[145]. This is a challenging process involving both proliferation and migration of cells, leading to
tissue regeneration. Therefore, systems devised for wound treatment have to fulfill a series of
requirements, such as providing a suitable microenvironment for cell growth, for instance being semi-
permeable and highly porous to ensure sufficient gas and nutrient exchange. Moreover, they should
be characterized by specific mechanical properties (e.g. good stretching ability and suitable
mechanical strength), be sterile and able to prevent bacterial infection. In this respect, a relatively
high water vapor transmission ratio, enabling appropriate wound drying, would be highly
advantageous. A particular wound treatment is that obtained by the application of surgical sutures to
reconnect tissues and restore their structure as well as function [146,147]. This application remains
challenging especially in the case of minimally invasive surgeries, during which knotting a suture is
hindered by the confined space and possible site infections.

In the field of application just described, SMMs were shown to provide the DDSs with smart
performance, such as shape fixation-assisted easy application and shape recovery-assisted closure of
wounds [145]. Wet and electrospinning processes turned out to be the most investigated techniques
for the fabrication of prototypes conceived in the form of polymeric matrices and layered structures
[146-148]. In the case of treatments requiring anastomosis, rings surgically applied following
resection of bowel segments to enable accurate joining of two viable ends without any tension
represent one of the most commonly employed systems [149]. In this respect, hydrogels having shape
memory effect were proved effective in ensuring efficient reconnection. In addition, the original
shape could even be rather slowly recovered, thus allowing gradual release of the applied pressure.
Indeed, this behavior helped attain a better intestinal healing. Finally, the shape memory effect was
also exploited to promote perfect seal of sutures even when applied loosely as a consequence of

difficult procedures, especially in the case of limited room in the area affected by surgery [146].
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The use of SMMs in the development of systems for wound treatment ultimately provided easy
application and enhanced comfort, while speeding up the wound closure process. Overall, the devices
reviewed were mainly characterized by anti-inflammatory/antibacterial activity, thanks to the
presence of specific drugs, also of natural source. Notably, a few of these systems showed rapid
clotting due to the presence of thrombogenic materials in the formulation and the high surface area
of the entire device, associated with the peculiar microstructure [145]. In this respect, the use of
nanofibers typically prepared through electrospinning technology was especially successful [145-
148]. Moreover, shape memory foams were devised for bleeding control, even in stressful conditions,
such as in the battlefield and in high temperature environment [150]. Polyurethane currently
represents a frequently used commercially available material for the development of embolic foams,
but in this specific case it was purposely synthetized to also show the desired shape recovery behavior.
Indeed, these DDSs were characterized by an expanded original shape and a compressed temporary
one and showed an extremely quick shape memory effect once exposed to blood at body temperature.
Besides surface area, porosity was found of utmost importance for the intended application and turned
out not to be affected by the programming of the temporary shape and recovery of the original one.

Considering the application of the devices belonging to this category to particularly sensitive areas
and the use of direct heating as the main triggering stimulus, biocompatibility studies carried out on
cell cultures of common fibroblasts still seem too preliminary, while more in depth in vivo evaluation

should be envisaged.
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Table 5: DDSs for which the shape recovery effect allowed prolonged retention in the target area: systems for wound treatment

References [145] [149] [150] [146,147] [148]
Purposely-crosslinked
Purposely-synthetized poly(vinyl Purposely-synthetized Purposely-synthetized Purposely-synthetized
SMM .
polyurethane alcohol)/gelatin polyurethane polyurethane polyurethane
copolymer

Brief description
of the system

Nanofibrous material composed
of gelatin, chitosan and shape
memory polyurethane,
containing the drug

Hydrogel-based ring
containing the drug

Polymeric foam containing
the drug

Polymer-based nanofibers
containing the drug

Three-layer polymer-based
nanofibers with two external
placebo layers and the internal one
containing the drug

)

- ®

Administration
route

Topical application

Implantation

Injection

Implantation

Topical application

Temporary
(administered)
shape

Elongated rectangular shape

Compressed ring shape

Cylindrical shape with
smaller diameter

Elongated cylindrical fibers

Elongated rectangular shape

Triggering Direct heating Contact with water Direct heating and contact Direct heating Direct heating
stimulus with water
Original

(recovered) shape

Rectangular shape

Ring shape

Cylindrical shape

Cylindrical fibers

Rectangular shape

Target area for
drug release

Wounds

Bowel wounds

Wounds

Wounds

Wounds

Therapeutic goal

Promote healing of open
wounds reducing the risks of
bleeding, infections and
inflammation

Create anastomosis
while reducing the
inflammation

Stop bleeding and promote
blood clotting, while
reducing the risks of
infections

Suture wounds while reducing
the risks of infections and
inflammation

Promote healing of open wounds
reducing the risks of infections and
inflammation
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41
42
43
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Loaded
drug/tracer

Silver nitrate

Acetylsalicylic acid

Cinnamic acid

Berberine hydrochloride

Berberine hydrochloride

Main advantages /
Innovation
features

High porosity
Stretching ability
Biocompatibility

Potential as hemostatic
(improvement of clotting rate)

Biocompatibility

Time for shape recovery
and mechanical
properties compatible
with the therapeutic
site/goal

Possible sterilization

Stability at relatively high
temperature and quick shape
recovery enabling suitability
for the battlefield

High porosity
Biocompatibility

Possibility of fine-tuning the
foam performance based on

the chemical structure of the
polymer

High porosity
Biocompatibility

Shape memory effect also

influences the release kinetics

One-step production process,

easy to scale

High porosity
Biocompatibility

Prolonged drug release obtained
with the multilayer design

One-step production process, easy
to scale

Research level

Design concept and preliminary
in vitro studies

Design concept and
preliminary in vitro
studies

Design concept and
preliminary in vitro studies

Design concept and preliminary

in vitro and in vivo (mice)
studies

Design concept and preliminary in
vitro studies

Room for
improvement
identified by the
authors
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2.3 Shape recovery for ensuring removal from the target area

Release of active ingredients in specific sites within the gastrointestinal tract has largely been pursued
for the treatment of local pathologies, such as gastric ulcers or inflammatory bowel disease that affects
the colonic region [151-159]. However, the possibility of increasing the DDS residence time and
prolonging the release of the loaded drug in the upper gastrointestinal tract, even in the esophagus,
would also be beneficial. This release mode would be particularly advantageous for active molecules
1) strongly affected by pre-systemic metabolization, ii) with specific absorption windows or iii) poorly
soluble as well as stable in the intestinal environment. In this respect, Babaee and co-workers took
advantage of the shape memory effect of nitinol for the development of an esophageal flower-like
DDS to be orally administered within a commercially available hard capsule [160]. It entailed
separated arms connected to a central core by means of elastic recoil elements. These enabled the
system assembly, relevant folding into a swallowable collapsed configuration and mechanical
reopening inside the esophagus. The expansion of the device would allow its retention in the target
area while drug-containing microneedles, attached on the external surface of the arms, would
penetrate the esophageal mucosa without causing relevant perforation, thus promoting anchoring of
the system and enabling drug delivery. Temperature-responsive nitinol-based springs were also
added, connecting each arm to the central core. Their shape memory effect, triggered upon
administration of warm liquids (i.e. in the 55-65 °C temperature range), would be responsible for
effective closure of the exhausted device at the end of the performance. This way safe removal from
the target area and passage of the closed system in the stomach would be ensured. Notably, the
administration of warm liquids was demonstrated to generally provide the users with a satisfactory
feeling, without causing either burning or harmful effects.

The DDSs proposed was rather complex and the fabrication process required a number of subsequent
steps, including a prototyping phase via fused deposition modeling 3D printing followed by

compression molding and other manual tasks such as welding, drilling and final assembling. The
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ability of the system to be retained and then eliminated in vivo was only preliminarily tested on

sedated animals, using endoscopic guidance for placing it into the proximal esophagus.

Table 6: DDSs for which the shape recovery effect allowed the elimination from the target area

References

[160]

SMM

Commercial nitinol

Brief description of the system

4 arms, equipped with polymeric microneedles containing the drug at their
distal ends, connected to a central core through elastic L-beam-shaped recoil
elements and nitinol springs

Administration route

Oral

Temporary (administered) shape

Open flower-like shape

Triggering stimulus

Direct heating attained by administration of warm liquids (55 - 65 °C)

Original (recovered) shape

Closed flower-like shape

Target area for drug release

Esophagus

Therapeutic goal

Prolonged release of drugs in the upper gastrointestinal tract

Loaded drug/tracer

70-kDa dextran labeled with texas red and budesonide

Main advantages / Innovation
features

Release in an area hard to target

Ultra-responsive system

Research level

Design concept and preliminary in vitro, ex vivo (pig esophagus samples) and
in vivo (pigs) studies with tracer and drug

the authors

Room for improvement identified by

Fabrication process requiring multiple steps currently done manually

2.4 Shape recovery for triggering drug release

Since their appearance on the pharmaceutical market, DDSs were intended to ensure an appropriate

concentration of specific drugs to be attained at the site of interest when needed [161]. As a

44




©CO~NOOOTA~AWNPE

consequence, they would in principle allow to overcome limitations and avoid side effects associated
with the systemic administration through different routes (e.g. ensuring high local concentrations of
drugs or amounts that can be tuned for specific patient needs, enable multiple release kinetics, avoid
first-pass effect). Conversely to traditional passive DDSs mainly employed so far, the use of SMMs
gave the opportunity to develop innovative DDSs able to actively enable the achievement of the same
objectives and the identification of new, even more challenging, targets, without resorting to other
expensive active technologies such as micro electro mechanical systems [45,162]. In particular,
systems for which the release performance was controlled by the shape memory effect were proposed,
not only in terms of rate and site but also allowing for subsequent pulses of release. Such pulses
turned out even more flexible as they could be started and ended on demand by the controlled
application of the triggering stimulus. In addition, the recovery-based triggering mechanism could in
some cases be remotely controlled (e.g. upon application of a radio-controlled electromagnetic field)
[45,162,163]. The working principle of such devices potentially offers not only quite high precision
drug dosing but also increased safety as the system only responds to an external suitably tuned non-
mechanical stimulus [164]. To enhance the system flexibility, additional release controlling
mechanisms to be coupled with the shape memory effect were also tested, for instance relying on the
application of functional coatings and on the variation of the viscosity of the drug containing
formulation when in contact with aqueous fluids at body temperature [163].

Triggering of drug release was more often accomplished through the use of micropumps, mainly
activated by the shape memory effect of purposely-developed actuators based on SMMs [45,162].
For this reason, the devices were conceived in the form of containers (e.g. capsules, chips) hosting a
more or less complex pumping system and drug-loaded reservoirs, the latter connected to the external
environment through holes and valves (e.g. two-way, passive-check or thermoactive valves)
[164,165]. In some cases, these DDSs were envisaged so that the removal of the stimulus allowed the
interruption of the release. As a consequence, fine tuning of the drug delivered (even up to picometric

amounts) and on demand pulsatile-release performance could be achieved, leading to good potential
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for customization [163,164]. Endoscopic capsules were also proposed, entailing a tracking
mechanism to monitor the position of the device in the human body after oral administration and
ensure drug release at the right site [165].

These applications were generally characterized by a high level of engineering, already recognizable
in the design of the device, often combined with innovative fabrication techniques for the
pharmaceutical field, such as photolithography- or lithography-based processing, microfabrication
and micromachining technology, and shared the need for using biocompatible materials, which
unfortunately was not always accomplished. At the same time, dyes, water and solutions with specific
pHs were used to assess the controlled release capability of the devices investigated, instead of active
molecules and drug tracers.

The proof of concept for fabrication and working mechanism of the DDSs here proposed was
preliminary achieved, but most of these systems still need to find a solution for many limitations,
such as the control of temperature (as the increase needed for operating the device could be an issue
both for stability of the drug and for the surrounding tissue), miniaturization of the components and

refilling of the drug-containing reservoirs.
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Table 7: DDSs for which the shape recovery effect allowed triggering of drug release

References [165] [162] [164] [45] [163]
. Purposely-synthesized poly(e-
SMM Commercial nitinol Commercial nitinol Purposely prepared Ni-Mn Commercial polyurethanes caprolactone) and oligo(e-

Ga alloy

caprolactone) copolymers

Brief description of
the system

Acrylic capsule equipped
with a two-way valve,
housing a drug-containing
reservoir and a wood piston
relying on a nitinol spring
actuator

Polyimide case with a hole on the
top equipped with a two-way
valve, housing a drug-containing
reservoir and a microfluidic pump
driven by a nitinol actuator.

3D printed case with holes
housing a drug-containing
reservoir and pumping
mechanisms based on two
flat plates connected with
tubes and a cylindrical
rotating magnet

Drug-containing reservoir in a
polymethylmethacrylate sheet
closed with a lid entailing a
planar inductor capacitor
circuit composed of a copper-
clad/polyimide planar film,
laminated on a shape memory
polymer flat actuator

Tube-shaped container made of
a shape-memory polymer,
eventually blended with a near-
infrared dye, filled with a drug-
containing thermosensitive
hydrogel. The tube sides were
sealed by coating

Administration
route

Oral

Implantation

Implantation

Implantation

Implantation

Temporary
(administered)
shape

Compressed spring

Rectangular spiral-coil shape with
one longitudinal end lifted up

Flat shape with shrinkage in
specific areas

Cylindrical planar shape

Elongated tube shape

Triggering stimulus

Indirect heating via current
application

Indirect heating via application of
radio-frequency electromagnetic
fields

Magnetic field

Indirect Joule heating attained
via an external radio controlled
electromagnetic field

Direct and indirect heating via
near infrared light absorption

Original . . . S
(recovered) shape Elongated spring Flat rectangular spiral-coil shape | Flat shape Cylindrical lifted shape Tube shape
Target area for Any area of the Bones Animal brain General (no identification of a | Regeneration of tissues

drug release

gastrointestinal tract

specific area of implantation)

involved in surgical operations
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Therapeutic goal

Local administration of
drus in specific areas of the
gastrointestinal tract by
tracking the position of the
system in real-time

Local treatment of osteoporosis
with parathyroid hormone
fragments

Delivery of drugs to specific
areas into the brain

Not defined

Local administration of
proteins (e.g. growth factors)
for tissue regeneration and on
demand administration of drug
proteins based on the analysis
of clinical biomarkers

Loaded drug/tracer

Water

Dyes and test agents

Ketamine and tetrodotoxin

Dyes and pH 2 buffer solution

Bovine serum albumin,
lysozyme, ovalbumin,
immunoglobulin G, stromal
cell-derived factor 1o

Main advantages /
Innovation features

Wireless triggering of
release

Possibility of conveying
multiple reservoirs
containing different drugs

Ensure high drug loading, and
refilling over time

Passive activation, leading to a
cost reduction

When employed for testing
purposes enable in vivo
experiments in freely moving
animals

Simplicity of the structure
and easy scale-up

Fine tuning of the dose
delivered by modification of
the magnetic field applied

Capability to perform
consistently, in terms of
opening displacement and
volume released, during 500
cycles of actuation

Possibility of attaining complex
release kinetics by changing
the design and composition of
the device

Possibility of conveying the
indirect heating just towards
the device

Research level

Design concept and
preliminary in vitro studies
with a tracer

Design concept and preliminary in
vitro studies with tracers

Design concept and
preliminary in vitro and in
vivo (rats) studies

Design concept and
preliminary in vitro studies
with tracers

Design concept and
preliminary in vitro studies
with tracers and drugs

Room for
improvement
identified by the
authors

Need for thermally insulating the
system (drug stability and tissue
damage)

Backflow of the drug in the pump
chamber

Need for miniaturization

Selection of biocompatible
SMPs with lower glass
transition temperature

Need for improving the release
control ability

Need for high temperature to
trigger the shape recovery
process

Need for photoinitiators to
induce the thermal response
mediated by irradiation whose
safety and tolerability still have
to be determined

48




©CO~NOOOTA~AWNPE

3. Conclusions

In the last few decades, materials science has witnessed incredible progress, which has positively
influenced all sectors of industry. In this respect, SMMs, with their ability to dynamically respond to
specific environmental stimuli by modifying the relevant shape over time, have just begun to show
their application potential in the biomedical and pharmaceutical fields. Moreover, the use of these
intelligent materials together with the recent development of 3D printing technologies will provide a
tool for 4D printing implementation, leading to further benefits in terms of personalization of therapy.
Within this review, we considered the overall applications of SMPs and SMAs in pharmaceutics and
more specifically their use in DDS design, trying to highlight the state of the art in the field of shape
memory-based and 4D printed drug products. The systems reviewed turned out to be at a rather
limited degree of development, in terms of actual production (e.g. manual manufacturing, lab-scale
synthesis of materials) and relevant scalability, as well as in the identification of specific therapeutic
objectives, also including feasibility of administration and relevant safety. However, based on a shape
memory effect well-refined and tailored through an advanced design concept, such DDSs seemed
very promising, which means in principle able to provide innovative performance and to overcome
many limitations of the current therapeutic strategies (e.g. poor patient compliance or adherence,
ability to ensure therapeutic drug levels at the site of action for a prolonged period of time, fine tuning
and customization of the performance in terms of time and site of release). The evolution of the shape
over time has been sought to adapt to different needs, such as reaching, enabling retention into and
ensuring removal from the target area or triggering the release of the active molecule itself. Shape
memory-based DDSs were proposed for oral administration, injection or implantation, topical
application and intra-organ (e.g. into the bladder and vagina) insertion. Their feasibility and further
development have taken advantage of and will further benefit from the remarkable technological
advances we are currently experiencing in many fields, which have led to the spread of 3D printing,

electrospinning and complex microfabrication techniques.
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The main challenge for the next years remains that of their introduction into the clinical practice,

especially considering that most of the materials employed are new and purposely synthetized. In this

respect, the adoption of shape memory-based DDSs might be strongly supported by the growing

interest in precision dosing, but the development of materials and production processes allowing

stringent quality and safety requirements to be met would need to be pursued.
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