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Abstract

Thermo-responsive polymer blends have become a key new class of biomaterials for the minimally
invasive medical procedure. They offer precision, flexibility and greater patient safety. These smart
materials undergo a change of physical/ mechanical properties relative to temperature difference in
the body, limiting tissue trauma and increasing effectiveness of the procedure. Their adjustable sol—
gel behavior, shape-memory effects, and reversible volume change provide an opportunity for their
precise delivery through catheters, needles, or endoscopes, followed by their solidification or
expansion, contraction, or conformance to anatomy at body temperature. Recent advances in polymer
chemistry and nanotechnology and molecular engineering have increased their clinical use. Today,
thermo-responsive blends are the topic of research in the fields of embolization, local drug delivery,
tissue sealing, stent deployment, hemostasis, adhesion prevention and regenerative scaffolding. By
using a combination of hydrogels (to be biocompatible), elastomers (to be flexible) and crystalline
polymers (to have a structural memory), clinicians will be able to create transition temperatures,
mechanical properties and degradation rates in materials. These systems also allow dynamic
response in the body to support real-time adaptability in endovascular and laparoscopic processes.
The addition of imaging agents, nanoparticles and bioactive compounds further enhances the function
and precision. As healthcare progresses into a rapid, complication-free direction, thermos responsive
polymer blends play an important role in safer and more efficient results. This review presents the
current progress, design principles, clinical opportunities, and future issues associated with the use of
these blends in the minimally invasive procedure.

Keywords: Thermo-responsive polymers, polymer blends, minimally invasive procedures, shape
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Minimally invasive procedures are now a leading
force in the clinical setting because of the reduced
tissue damage, decreased length of stay in the
hospital, and accelerated recovery time. Advances
in materials science and in particular smart
biomaterials sensitive to body stimuli have led to
this change. Thermo-responsive polymer blends
stand out by their predictable way of bodily
temperature transformation. Their transitions are
especially useful for catheter, endoscopic and
percutaneous interventions, sol-gel conversion,
shape recovery, swelling or deswelling and
developments of mechanical strength [1].

Thermo-responsive polymers, such as poly(N-
isopropylacrylamide) (PNIPAAm), poly(e-caprolactone)

© STM Journals 2026. All Rights Reserved

S323


mailto:tanmaymehtakvv@zohomail.in

Thermo-Responsive Polymer Blends for Minimally Invasive Medical Procedures Mehta et al.

(PCL), polyethylene glycol (PEG)-based systems, and poloxamers, are extensively explored for
biomedical applications and are biocompatible and tunable materials [2]. When mixed together,
instead of taking them alone, their properties can be adapted to specific clinical needs. Blending
makes it possible to control the crystallinity, the hydrophilicity, the rate of degradation, the
mechanical performance, and the transition temperature. As a result, thermo-responsive polymer
blends are being designed for an increasing number of minimally invasive procedures such as
embolization therapy, localized drug delivery, hemostasis, bone defect filling, intravascular device
deployment, and tissue regeneration scaffolds [3].

Thermo-responsive polymer blends have attracted considerable attention because they provide a
unique combination of injectability, adaptability, and controlled responsiveness that cannot be
achieved using conventional biomaterials [4]. By carefully selecting and blending polymers with
complementary physicochemical properties, researchers can tailor phase transition behavior, gelation
kinetics, mechanical strength, and degradation profiles to meet the specific requirements of different
minimally invasive medical procedures. These materials can be administered in a minimally invasive
manner through catheters, needles, or endoscopic devices and subsequently undergo temperature-
induced transformation at the target site, forming stable structures that support therapeutic functions.

Their ability to conform to irregular anatomical spaces while minimizing surgical trauma makes
them particularly valuable for localized drug delivery, tissue sealing, embolization, wound healing,
orthopedic defect repair, and regenerative medicine. Furthermore, recent progress in blend
optimization has improved their stability, biocompatibility, and functional performance, enabling
more reliable clinical outcomes [5]. As research continues to address current limitations related to
mechanical durability, degradation control, and long-term biological interactions, thermo-responsive
polymer blends are expected to play an increasingly important role in the advancement of safe,
effective, and patient-centered minimally invasive medical procedures.

This review aims at the design strategies and mechanisms, clinical applications, problems, and
future trends of thermo-responsive polymer blends for minimally invasive procedures. It gives an
overall overview of the latest developments with particular focus on innovations in blend chemistry,
nanocomposite engineering and bio functional integration.

THERMO-RESPONSIVE BEHAVIOR IN POLYMER SYSTEMS
Fundamental Mechanisms

Thermidorian (metaplasia) response: Thermon. Responsive polymers contain a critical transition
temperature upon which the polymer undergoes substantial change in solubility, phase or mechanical
properties. In the case of aqueous media, such changes are usually described by either a lower critical
solution temperature (LCST) or upper critical solution temperature (UCST). Polymers exhibiting
LCST behavior dissolve below the Tc and become phase-separated or collapsed above Tc, which
makes them interesting candidates for medical applications with the body temperature (~37 Before
delivering this talk, I will clarify (submitted term paper), I had a loose use of “phase-separated” in the
first paragraph, but under the right conditions polymers — such as micelles in water — can form
lamellar-phase-separated structure with a radius of about 5 nm [6].

Blending enables the fine-tunings of the transition temperature, depending on the reduction of the
hydrophilic to hydrophobic ratio. For example, addition of PEG to PNIPAAm leads to increase of
hydrophilicity, which weakly shifts the LCST, up or down depending on composition [7]. Likewise,
combining PCL or PLA with shape-memory elastomers yields materials that heal their permanent
shape at exactly the correct physiological temperatures, and which are, therefore, suitable for
intravascular and soft-tissue interventions [8].

Sol-Gel Transition Behavior
Injectable thermo-gelling polymers are very valuable for minimally invasive procedures. These
polymers exist at room temperatures as low viscosity sol, but rapidly become a gel in situ, when
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exposed to the warm tissue. The classic examples are the poloxamers (Pluronic(R)), more recently
developed are engineered copolymers of PEG and polyesters with higher stability and mechanical
strength [9]. By combining various thermo-responsive ingredients, researchers can manage the rate of
gelation, gel stiffness and gel degradation time, producing embolization agents, tissue follower or
drug release depots.

Shape-Memory Effect

Shape-memory polymers (SMPs) memorize a temporary shape or shape at a given temperature
above a transition point at which they regain a permanent shape when heated. Mixing SMPs with
Hydrogels or Elastomers makes them less brittle and more elastic and responsive. SMP blends have
been used to deliver stents, occlusion devices, and scaffolds which expand, or unfold, at body
temperature after minimally invasive delivery [10].

Swelling and Deswelling Behavior

The swelling and deswelling behavior of thermo-responsive polymer blends is another important
mechanism that supports their application in minimally invasive medical procedures. These polymers
undergo reversible changes in water absorption in response to temperature variations, leading to
controlled expansion or contraction of the polymer network. Below the critical transition temperature,
hydrophilic interactions dominate, allowing the polymer matrix to absorb water and swell [11]. Above
the transition temperature, hydrophobic interactions become predominant, resulting in water
expulsion and polymer shrinkage. This reversible behavior can be precisely adjusted by blending
hydrophilic polymers, such as polyethylene glycol (PEG) with more hydrophobic components
including poly(e-caprolactone) (PCL) or poly(lactic acid) (PLA), enabling fine control over swelling
ratio, mechanical stability, and diffusion characteristics. In minimally invasive procedures, this
property facilitates controlled drug release, improves tissue adhesion, enhances defect filling, and
provides mechanical support within irregular anatomical sites [12].

POLYMER BLENDS IN THERMO-RESPONSIVE BIOMEDICAL APPLICATIONS
Poly(N-Isopropylacrylamide)-Based Blends

NIPAAm is one of the best studied thermo-responsive polymers. It is LCST of near 32°C makes it
ideal for those systems which require gel or shrink at a little below or above room temperature. Blends
with chitosan, PEG, hyaluronic acid and polyurethane enhance mechanical integrity, biocompatibility and
adjust transition behavior [13]. PNIPAAm blends are used for injectable scaffolds, endoscopic
sealants and catheter delivered drug reservoirs.

Poloxamer-Based Blends

Poloxamers are reversible sol—gel transitions through the formation and packing of micelles. When
combined with some natural polymer, such as alginate, chitosan or gelatin, their mucoadhesive,
mechanical and rheological properties are improved. These systems of hybrid technology are
evaluated as part of an intranasal drug delivery, endoscopic hemostasis and as anti-adhesion barriers
in laparoscopic surgery [14].

Poly(e-Caprolactone)-Containing Blends

PCL, a semi-cristal biodegradable polyester, has high melting point close to the body temperature
and is thus one of the considered candidates for thermo-reponsive SMP system. The combination with
urethane-based elastomers, poly (ethylene glycol) (PEG) or polydioxane (PDO) will make it a blend
with good structural memory and variable degradation. Such materials are used as self-expanding
stents, fracture fixation devices and controlled-release depots, which are delivered minimally
invasively [15].

Poly (Ethylene Glycol) (PEG)-Based Blends
Poly (ethylene glycol) (PEG) is widely incorporated into thermo-responsive polymer blends because
of its excellent biocompatibility, hydrophilicity, and low toxicity. When blended with Niam, PCL, or
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biodegradable polyesters, PEG improves gelation behavior, mechanical flexibility, and degradation
characteristics. These blends are commonly used as injectable hydrogels, localized drug delivery
systems, tissue adhesives, and regenerative scaffolds. Their temperature-responsive behavior enables
minimally invasive administration followed by in situ gel formation, providing sustained therapeutic
effects and improved tissue integration [16].

Multi-Component Polymer Blends

Multi-component thermo-responsive polymer blends combine synthetic polymers, natural biomaterials,
and functional additives to enhance mechanical strength, biodegradability, and biological performance.
These blends allow precise control of gelation, swelling, and degradation while maintaining excellent
biocompatibility. They have shown promising applications in embolization therapy, tissue engineering,
wound healing, localized drug delivery, and minimally invasive implantable devices, offering improved
adaptability and therapeutic efficiency in clinical practice [17].

Natural Polymer Blends

Blending natural thermally sensitive biopolymers (collagen, agarose, gelatin and chitosan) with
synthetic polymers improves the biocompatibility and bioactive interactions. Hybrid blends have mechanical
performance combined with cell-supportive behavior and can be useful for tissue regeneration,
injectable cartilage repair and wound sealing [18]. The Thermo-Responsive Polymer Blends: Material

Systems, Mechanisms, and Minimally Invasive Applications Table 1

Table 1. Thermo-responsive polymer blends: material systems, mechanisms, and minimally

invasive applications.

Polymer blend system

Thermo-responsive
mechanism (from CH-9)

Key functional features

Minimally invasive
applications

Niam-Based Blends (Niam—
PEG, PNIPAAm-—chitosan,
PNIPAAm-HA, PNIPAAm-
PU)

LCST-driven sol-gel
transition near
physiological temperature

Injectable at room
temperature; in situ
gelation; tunable LCST;
improved biocompatibility

Injectable scaffolds,
endoscopic sealants,
catheter-delivered drug
depots

Poloxamer-Based Blends
(Poloxamer—alginate, —
chitosan, —gelatin)

Micelle-driven reversible
sol—gel transition

Rapid gelation; good
rheology; mucoadhesive
behavior

Endoscopic hemostasis,
intranasal delivery, anti-
adhesion barriers

PCL-Containing Blends
(PCL-PEG, PCL-urethane,
PCL-elastomers)

Thermally activated
shape-memory and
melting transition near
body temperature

Shape recovery; structural
stability; biodegradable

Self-expanding stents,
occlusion devices, fracture
fixation, SMP scaffolds

Natural-Synthetic Hybrid
Blends (gelatin, collagen,
agarose, chitosan + synthetic
polymers)

Temperature-induced
gelation combined with
bioactive interactions

Enhanced cell
compatibility; balanced
mechanics; ECM mimicry

Injectable cartilage repair,
wound sealing, regenerative
scaffolds

Nanocomposite Thermo-
Responsive Blends

Enhanced heat transfer
and responsiveness via
nanoparticles

Faster gelation; improved
mechanical strength;
multifunctionality

Embolization agents,
precision drug delivery,
responsive implants

Biofunctionalized Thermo-
Responsive Blends

Temperature-triggered
deployment with
biological targeting

Site-specific adhesion;
enhanced therapeutic
efficacy

Targeted drug delivery,
regenerative therapies

Imaging-Integrated Polymer
Blends

Thermo-responsive
deployment with imaging
visibility

Real-time visualization;
procedural accuracy

Endovascular embolization,
stent placement, localized
therapy

APPLICATIONS IN MINIMALLY INVASIVE MEDICAL PROCEDURES
Injectable Drug Delivery and Localized Therapeutics

Thermo-Responsive polymer blends have revolutionized local drug delivery. They provide an
opportunity to deliver the therapeutic depots with precision and minimally invasive tool placement
that solidifies after being injected with the functional material. When administered as a liquid, the
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polymer transforms into a semi-solid or gel at body temperature thus creating a depot which allows
for a sustained release of drugs over a period of days or weeks. The addition of nanoparticles/
liposomes enhances the delivery efficiency as well as directs a stimulus-responsive release [19].

These systems have been tested for chemotherapy of solid tumors, antibiotics of orthopedic infections,
anti-inflammatories for joint therapy, and growth factors of tissue regeneration [20]. The main benefit
is the lack of the need for surgery to achieve the depot position, with an improvement in localization
and reduction in systemic toxicity.

Embolization and Vascular Occlusion

Endovascular embolization, typically metal coils or liquid adhesives are typically used. Thermo-
responsive blends are a safer and more controllable option. They can pass through microcatheters in
liquid form and then shape themselves to a stable plug in a heated state to body temperature. Blends —
like PNIPAAmM-PEG, PCL-urethane, and poloxamer-based systems — have a high potential as embolic
agents as these systems gel predictably and are mechanically stable. Austenitic shape memory polymer
plugs fabricated using blends of PCL polymers can expand in aneurysms or vascular malformations
for better occlusion results [21].

Tissue Sealing and Hemostasis

Thermo-responsive hydrogels have many applications in endoscopic sealing and hemostats.
Poloxamer blends are very popular as they gel fast and apply smoothly. When combined with bio
adhesive polymers, they seal gastrointestinal perforations, surgical leaks or bleeding sites much better.
Recent work has revealed that the introduction of nanoparticles or peptides enhances coagulation and
tissue bonding properties and demonstrates their good use with complex laparoscopic procedures [22].

Orthopedic and Dental Minimally Invasive Interventions

Injectable thermo-responsive polymer blends are increasingly being used in orthopedics and
dentistry, where the use of minimally invasive techniques is preferred to limit bone exposure.
Scaffolds based on PNIPAAm, gelatin-based blends or soft PCL composites could fill the bone defect
and aid in cartilage regeneration and also treat temporomandibular joint disorders [23]. These blends
conform to irregular defects, harden or expand in situ and integrate with the host tissue over time.

Endovascular Stents and Devices

Shape-memory polymer blends are also important for catheter delivered stents and occlusion devices.
PCL-based SMAe can be compressed into temporary shape for insertion through narrow catheters —
when it reaches body temperature, it will re-return to functional shape. Elastomers are added to
increase the toughness whereas radiopaque fillings help in imaging guidance [24]. These polymeric
stents may be degradable and are less chronic inflammatory compared to metal stents.

Adhesion Prevention in Minimally Invasive Surgery

Post operative adhesions are still a problem with laparoscopic surgery. Thermo-responsive blends
to form temporary barriers, body temperature can provide protection to surgical sites. Poloxamer-
hyaluronic acid, PEG-polyester, and gelatin-based blends have been tested for the ability to produce
hydrogels for resistance to adhesion for several weeks before slowly breaking down [25].

Injectable Tissue Engineering and Regenerative Medicine

Thermo-responsive polymer blends are increasingly used as injectable scaffolds for tissue engineering
and regenerative medicine. These materials can be delivered through minimally invasive techniques
and undergo in situ gelation at body temperature, providing a three-dimensional matrix for cell
attachment, proliferation, and tissue repair [26]. Blends containing PNIPAAm, PEG, PCL, gelatin, or
chitosan support the controlled delivery of cells and bioactive molecules while gradually degrading as
new tissue forms. Their excellent biocompatibility and ability to conform to irregular defects make
them promising candidates for cartilage regeneration, soft tissue repair, skin wound healing, and bone
tissue engineering in minimally invasive clinical procedures.
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ADVANCES IN BLEND ENGINEERING
Nanocomposite Thermo-Responsive Systems

Nanocomposites are a breakthrough in polymer blends technology. The use of nanoparticles — such
as silica, graphene, gold, or clay — helps to increase mechanical strength, thermal stability, and
responsiveness. For example, graphene oxide incorporated in PNIPAAm blends accelerated the heat
transfer, which results in accelerated gelation or shape recovery during the procedures [27]. Nanoparticles
also offer other functions such as magnetic control or increased drug loading.

Biodegradability and Controlled Degradation

One of the challenges for minimally invasive materials is to allow safe degradation over a
clinically-appropriate time. Researchers are using fast degrading hydrogels with slower degrading
polyesters in an attempt to tune the degradation profiles they have. Blends of PCL-tablet PLA, PEG-
polyester copolymers, urethane-based SMPs enable adjustable rates to meet application requirements, be
it temporary embolization or long-term tissue regeneration [28].

Biofunctionalization for Targeted Procedures

Recent attempts involve decorating thermo-obvious (-responsive) blends with peptides, growth
factors or antibodies to promote site specific interactions. Integrin-binding peptides promote cell
adhesion in injectable scaffolds and ligands against cancer target polymer depots to malignant tissue.
Blending biofunctionalized polymers is a way to provide a powerful platform for targeted, minimally
invasive therapy with improved outcomes [29].

Imaging-Integrated Blends

Thermo-responsive blends are increasingly comprised of materials that can be imaged. The use of
radiopaque nanofillers allows placing polymers to be visualized by surgeons in real time. This
integration is crucial for vascular occlusion, stent deployment and local drug delivery, for which
precision is important [30].

Mechanical Property Optimization

Optimizing the mechanical properties of thermo-responsive polymer blends is essential for minimally
invasive medical procedures. By blending flexible and rigid polymers, researchers can improve elasticity,
toughness, and compressive strength while maintaining temperature responsiveness. These optimized
blends provide better structural stability for injectable hydrogels, tissue scaffolds, and shape-memory
devices used in clinical applications [31].

Sterilization and Clinical Translation

Successful clinical application requires thermo-responsive polymer blends to retain their functional
properties after sterilization. Current studies focus on developing blend formulations that remain stable
following gamma irradiation, ethylene oxide, or steam sterilization without affecting their thermo-
responsive behavior or biocompatibility. These advances are expected to facilitate regulatory approval
and wider clinical adoption of minimally invasive polymer-based devices [32].

CHALLENGES AND FUTURE DIRECTIONS

Although thermo-responsible polymer blends are very promising, there are challenges. Precisely,
reproducible responses at body temperature are critical; temperature variations even a few degrees can
have an impact on gelation or shape recovery. Balancing mechanical strength with injectability is also
difficult: stiffer gels have increased stability but are harder to inject through small catheters.

Biocompatibility and long-term interactions with the tissues are key issues. Some blends give out
acidic byproducts or cause inflammations and, therefore, sophisticated purification, chemical modification,
or the addition of natural polymers are required. Regulatory approval is also difficult since responsive
biomaterials require extensive safety testing.

© STM Journals 2026. All Rights Reserved S328



Journal of Polymer & Composites
Volume 14, Special Issue 4
ISSN: 2321-2810 (Online), ISSN: 2321-8525 (Print)

Future research should focus on multi-responsive systems, which include thermo-responsiveness
with one or more additional triggers such as pH, enzyme or magnetic. Artificial intelligence in predictive
material design can accelerate discovery of means to the optimal mixtures. 3D printing using thermo-
responsive inks is another promise, which can become the basis for personalized implants deployable
by minimally invasive means.

CONCLUSION

Thermo-responsive polymer blends are a great leap for smart biomaterials for minimally-invasive
procedures. Their capacity to undergo phase, shape or mechanical changes at body temperature
enables intervention with precision and on a targeted patient-friendly basis. Indexing composition,
synthetic and natural combinations and nanofillers or bioactive, researchers can rationally design
versatile systems for embolization, drug delivery, sealing, scaffolding and stent deployment. These
materials have advantages over conventional devices because they provide minimally invasive
delivery methods, design adaptability inside the body and have reduced postoperative complications.
The continued progress made in polymer chemistry, nanotechnology, and functionalizing organisms
indicates that even more tailored thermos-favorable systems with clinical significance are to be
expected. As the research continues improvements in safety, predictability, imaging compatibility,
and biodegradability will increase their therapeutic potential. Ultimately, thermo-responsive polymer
blends will become key to next generation medical classes and regeneration methods to enhance
patient outcomes and reduce surgical trauma.
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