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Abstract

Breast cancer remains one of the leading causes of cancer-related morbidity and mortality worldwide,
with tumour recurrence and therapeutic resistance largely driven by the immunosuppressive tumour
microenvironment (TME). Conventional systemic chemotherapy and immunotherapy often suffer
from poor tumour selectivity, systemic toxicity, and limited immune activation within the acidic and
hypoxic TME. In this context, 4D-printed pH-responsive nanofiber implants have emerged as a next-
generation platform capable of delivering spatiotemporally controlled therapy tailored to dynamic
tumour conditions. Unlike static 3D constructs, 4D systems incorporate stimuli-responsive polymers
that undergo programmed structural or functional transformations in response to environmental
triggers such as acidic pH, enabling site-specific drug release. This review critically examines the
design principles of pH-responsive nanofiber implants, including polymer selection, fabrication
strategies, cytokine nano-assembly, and controlled release kinetics. Special emphasis is placed on
TME modulation, highlighting how localised delivery of immune-stimulatory agents such as
interleukin-15 and interleukin-2 can enhance natural killer cell activation, promote artificial immune
synapse formation, and induce tumour apoptosis while minimising systemic toxicity. Furthermore,
we analyse the translational challenges associated with manufacturing scalability, sterilisation,
regulatory classification, and long-term implant safety. By integrating smart biomaterials engineering
with immunotherapeutic strategies, 4D-printed nanofiber implants represent a transformative
approach for localised breast cancer treatment. However, successful clinical translation will require
interdisciplinary optimisation across materials science, pharmaceutical engineering, and regulatory
frameworks. This review outlines future directions toward personalised, microenvironment-
responsive cancer immunotherapy platforms.

Keywords: 4D printing; breast cancer; cytokine delivery; immunotherapy; nanoformulations; NK
cells; pH-responsive nanofibers; spatiotemporal drug release; translational nanomedicine; tumour
microenvironment
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1. Introduction

1.1. Global Burden and Therapeutic Limitations in Breast Cancer

Breast cancer is the most frequently diagnosed malignancy among women worldwide,
accounting for approximately 2.3 million new cases annually and representing a leading cause of
cancer-related mortality.[1,2]. Despite substantial advances in surgical resection, chemotherapy,
radiotherapy, endocrine therapy, and molecularly targeted agents, locoregional recurrence and
metastatic dissemination remain major determinants of disease-specific mortality. A persistent
clinical challenge is the survival of residual tumour cells within the post-surgical cavity, where
microscopic disease often escapes complete eradication. Furthermore, systemic therapies frequently
fail to achieve sustained, therapeutically effective drug concentrations at the tumour bed without
inducing dose-limiting systemic toxicities, thereby limiting long-term disease control.[3-5].

Conventional systemic immunotherapies, including recombinant cytokines and immune
checkpoint inhibitors, often fail to elicit durable responses in breast tumours due to insufficient
immune infiltration and an immunosuppressive tumour microenvironment (TME). Moreover, high-
dose cytokine therapy is associated with severe systemic adverse effects, restricting its clinical
applicability. These limitations underscore the urgent need for localized, microenvironment-
responsive therapeutic platforms capable of providing sustained, spatiotemporally controlled drug
delivery within the tumour resection cavity.[6,7].

1.2. Tumour Microenvironment as a Therapeutic Barrier and Opportunity

The breast TME is a dynamic, heterogeneous ecosystem composed of tumour cells, cancer-
associated fibroblasts (CAFs), tumour-associated macrophages (TAMs), endothelial cells,
extracellular matrix (ECM) components, and infiltrating immune cells.[8]. Metabolic reprogramming
within tumours promotes aerobic glycolysis, leading to lactate accumulation and extracellular
acidification (pH ~6.5-6.8). This acidic microenvironment not only enhances tumour invasion and
drug resistance but also suppresses cytotoxic immune cell function.[9].

Immunosuppressive cytokines, hypoxia-driven signalling, and ECM stiffness collectively impair
the activation of cytotoxic T lymphocytes and Natural killer cell populations. Consequently,
therapeutic strategies that fail to account for TME-driven resistance often demonstrate suboptimal
efficacy. However, the distinctive biochemical characteristics of the TME, particularly its acidity, also
present an exploitable trigger for smart, stimuli-responsive drug delivery systems[10].

1.3. Emergence of 4D Printing in Drug Delivery

Three-dimensional (3D) printing has revolutionised the fabrication of biomedical devices by
enabling precise architectural control and patient-specific customisation. Building upon this
foundation, 4D printing introduces the dimension of time, allowing constructs to undergo
programmed structural or functional changes in response to environmental stimuli such as pH,
temperature, enzymatic activity, or redox gradients. In drug delivery, this concept enables implants
that dynamically respond to pathological cues rather than passively releasing therapeutics.[11,12].

pH-responsive polymers, including PEG derivatives, poly(trimethylene carbonate) (PTMC), and
other ionizable biomaterials, can be engineered into nanofiber scaffolds that degrade, swell, or alter
porosity under acidic conditions. When implanted within a tumour resection cavity, such systems
can enable controlled, localised release of chemotherapeutic or immunomodulatory agents precisely
when and where needed.[13].

1.4. Rationale for Spatiotemporal Immunotherapy via 4D Nanofiber Implants

Localised cytokine delivery represents a promising strategy to overcome the systemic toxicity
associated with high-dose immunotherapies such as Aldesleukin. Incorporation of immune-
stimulatory cytokines, including Interleukin-15 and Interleukin-2, within pH-responsive nanofiber
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matrices may enable spatially confined activation of natural killer (NK) cells directly within the
tumour niche. Such localised immunomodulation can facilitate the formation of artificial immune
synapses, enhance granzyme-mediated cytotoxicity, and promote tumour apoptosis while
minimising systemic exposure and off-target immune activation.[14,15].

By integrating stimuli-responsive biomaterials with immunotherapeutic nanoformulations, 4D-
printed implants provide a multifunctional platform that exploits the acidic tumour
microenvironment as a controlled-release trigger. This approach enables sequential or sustained
cytokine delivery, supports remodelling of the immunosuppressive microenvironment, reduces
systemic adverse effects, and enhances post-surgical local tumour control through sustained immune
surveillance.[16].

1.5. Scope of This Review

This review critically examines the design principles of 4D-printed pH-responsive nanofiber
implants for breast cancer therapy, with a particular focus on modulating the tumour
microenvironment and spatiotemporal immunotherapy strategies.[17]. We analyse polymer
selection, fabrication methodologies, cytokine nano-assembly approaches, release kinetics, and
immune activation mechanisms. Furthermore, we address translational barriers, including
manufacturing scalability, sterilisation, regulatory considerations, and long-term implant safety.
Finally, we outline future directions toward personalised, microenvironment-adaptive cancer
immunotherapy platforms.[18,19].

1.6. Literature Search Strategy and Study Selection Framework

This review does not aim to provide a quantitative meta-analysis but rather a critical and
mechanistic synthesis of interdisciplinary evidence spanning materials science, immunology, and
translational oncology.[20]. To enhance transparency and minimise selection bias, a structured
literature search strategy guided by PRISMA principles was employed. The initial database search
yielded 512 records. After removal of duplicates (n="78), 434 articles were screened based on title and
abstract relevance. Subsequently, 186 articles underwent full-text evaluation, and 112 studies were
ultimately included to construct the thematic framework of this review.[21]. Given the emerging and
rapidly evolving nature of 4D printing in oncology, the currently available literature remains limited
and heterogeneous; therefore, a narrative synthesis approach was considered more appropriate than
a strict meta-analytic framework. Additional foundational and conceptual references were
incorporated where necessary to provide a mechanistic context and interdisciplinary background
beyond the structured database search.[22].
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Figure 1. PRISMA-guided literature search and study selection process. A structured search across major
databases (2005-2025) yielded 512 records, which were systematically screened and filtered to include 112

studies relevant to 4D-printed pH-responsive nanofiber implants for breast cancer therapy.
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Figure 2. Schematic illustration of the programmed 4D-printed shape-memory nanofiber implant showing

stimuli-triggered 2D-to-3D transformation, pH-responsive dual-drug release, and localized tumor-adaptive

deployment for improved therapeutic effectiveness.

2. Molecular and Metabolic Drivers of Breast Cancer: Implications for
Microenvironment-Responsive Therapy

2.1. Carcinogenesis and Oncogenic Signalling in Breast Cancer

Breast cancer progression is a multistep process that typically evolves from ductal carcinoma in
situ (DCIS) to invasive carcinoma, driven by cumulative genetic and epigenetic alterations. Key
molecular subtypes, including hormone receptor—positive (ER/PR+), HER2-amplified, and triple-
negative breast cancer (TNBC), exhibit distinct oncogenic signalling dependencies and therapeutic
vulnerabilities.[23].

Genetic alterations commonly observed in breast cancer include TP53 mutations, HER2
amplification, dysregulation of PI3K/AKT/mTOR signalling, and BRCA1/2-associated DNA repair
defects. Hyperactivation of receptor tyrosine kinases such as HER2 and EGFR promotes downstream
activation of MAPK and AKT pathways, enhancing proliferation, survival, and therapeutic
resistance.[24].

Transforming growth factor- (TGF-f) exhibits a context-dependent role in breast cancer. While
functioning as a tumour suppressor in early-stage disease, advanced tumours hijack TGF-3 signalling
to promote epithelial-mesenchymal transition (EMT), stromal activation, immune suppression, and
metastatic dissemination. Crosstalk among the TGF-f3, PI3K/AKT, and MAPK pathways further
reinforces invasive phenotypes and contributes to resistance to systemic therapies[25].

Importantly, oncogenic signalling pathways also reshape the tumour immune
microenvironment. HER2-driven tumours and TNBC frequently display altered antigen
presentation, increased PD-L1 expression, and recruitment of immunosuppressive stromal
populations, thereby limiting durable responses to immune checkpoint blockade.
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Figure 3. Schematic representation of triple-negative breast cancer (TNBC) in breast cancer.

2.2. Metabolic Reprogramming and Acidic Tumour Microenvironment

Breast cancer cells undergo profound metabolic reprogramming to sustain rapid proliferation
under hypoxic and nutrient-deprived conditions characteristic of the tumour microenvironment
(TME). A hallmark of this adaptation is enhanced aerobic glycolysis, commonly referred to as the
Warburg effect, which results in excessive lactate accumulation and extracellular acidification, with
tumour interstitial pH often declining to approximately 6.5-6.8. Central to this metabolic shift is
hypoxia-inducible factor-1a (HIF-1at), a master transcriptional regulator that upregulates glycolytic
enzymes, glucose transporters, and pro-angiogenic mediators to facilitate tumour survival and
vascular adaptation. The consequent acidic and hypoxic milieu exerts multiple protumorigenic
effects, including extracellular matrix (ECM) remodelling and increased stromal stiffness, enhanced
tumour cell invasion and metastatic dissemination, and functional impairment of cytotoxic T
lymphocytes and natural killer (NK) cells. Moreover, acidic stress has been associated with increased
expression of immune checkpoint molecules such as PD-L1, thereby reinforcing immune escape
mechanisms[26].

Beyond glycolysis, metabolic byproducts such as lactate directly suppress effector immune cell
activity by disrupting intracellular pH homeostasis and mitochondrial oxidative metabolism,
ultimately promoting T-cell exhaustion and diminished cytotoxic capacity. In parallel, breast cancer
cells exploit adaptive pathways including autophagy and lipid metabolic reprogramming to
maintain bioenergetic flexibility under sustained stress. Reciprocal metabolic crosstalk between
tumour cells and cancer-associated fibroblasts (CAFs) further establishes a state of metabolic
symbiosis that amplifies extracellular matrix deposition, stromal desmoplasia, and immune
exclusion. Collectively, these interconnected metabolic adaptations not only drive tumour
progression but also create a microenvironment that presents both a therapeutic barrier and an
opportunity for pH-responsive, stimuli-adaptive implantable drug-delivery strategies.[27,28].

2.3. Implications for pH-Responsive 4D-Printed Implant Design

The molecular and metabolic reprogramming characteristic of breast cancer collectively
establishes a hypoxic, acidic, and immunosuppressive tumour microenvironment (TME). Although
these pathophysiological features contribute to therapeutic resistance and immune evasion, they
simultaneously present biologically exploitable triggers for advanced stimuli-responsive drug
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delivery platforms. In particular, extracellular acidification within the tumour niche provides a
predictable biochemical cue that activates ionizable polymers embedded within 4D-printed nanofiber
implants, thereby enabling spatially confined and condition-dependent drug release. Concurrently,
hypoxia-driven immune suppression underscores the need for localised immune reactivation
strategies to restore cytotoxic T-cell and natural killer (NK) cell functionality directly at the tumour
site. Furthermore, transforming growth factor-p (TGF-g)-mediated stromal remodelling and
extracellular matrix (ECM) deposition highlight the importance of incorporating ECM-modulatory
components to counteract desmoplastic barriers and enhance therapeutic penetration.[29,30].

By integrating pH-responsive biomaterials with localised cytokine delivery systems, 4D-printed
implants have the potential to convert tumour-associated acidity from a pathological liability into a
programmable therapeutic activation signal. Such a strategy reframes metabolic dysfunction as a
design principle rather than merely a barrier, enabling spatiotemporally controlled
immunomodulation tailored to the dynamic tumour microenvironment. Accordingly, a
comprehensive understanding of breast cancer-specific molecular and metabolic adaptations
provides a mechanistic foundation for the rational development of next-generation implantable
platforms for precise, localised, and adaptive cancer therapy[31].

3. Fundamentals of 4D Printing in Drug Delivery

Four-dimensional (4D) printing represents an advanced evolution of additive manufacturing in
which printed constructs are endowed with time-dependent or stimulus-responsive transformation
capabilities. Unlike conventional three-dimensional (3D) printed systems that retain static geometries
after fabrication, 4D-printed structures are engineered to undergo programmed structural,
mechanical, or functional changes in response to predefined environmental triggers. This
transformation is achieved by incorporating smart materials whose physicochemical properties
enable reversible or irreversible reconfiguration over time. At the core of 4D printing lies the
integration of stimuli-responsive polymers, shape-memory materials, and programmable
architectures. These materials possess internal network arrangements that can store mechanical
information during fabrication (the programming phase) and subsequently release this stored energy
upon exposure to a specific trigger (the activation phase). Such dynamic behavior introduces a
temporal dimension into biomedical device design, enabling constructs to adapt to physiological
environments rather than remaining passive implants.[12,32,33].
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Figure 4. Schematic overview illustrating the programmable transformation of a 4D-printed scaffold from a
minimally invasive compact state to an expanded defect-conforming architecture. The scaffold integrates
stimulus-responsive shape-memory polymers and drug-loaded nanocarriers to enable synchronized mechanical

support, antibacterial activity, and regenerative enhancement in bone tissue engineering.

3.1. Shape-Memory Mechanisms and Programming Strategies

Shape-memory polymers (SMPs) are among the most widely employed materials in 4D
biomedical systems. These materials can be temporarily deformed into a programmed configuration
and later recover their original shape when exposed to an external stimulus. The mechanism typically
involves two key structural domains: (i) a switching segment responsible for fixing the temporary
shape and (ii) a permanent network structure that defines the original geometry. The programming
process generally includes deformation of the material above a transition temperature (or activation
threshold), followed by cooling or chemical fixation to lock the temporary shape. Upon re-exposure
to stimuli such as heat, pH variation, or solvent interactions, the polymer chains regain mobility,
allowing structural recovery.[34,35].

In implantable systems, this behavior enables minimally invasive insertion in a compact
configuration, followed by in situ expansion to conform to irregular tissue defects. Despite significant
progress, precise control over recovery kinetics and mechanical fatigue resistance remains a
challenge. Repeated swelling-deswelling cycles, especially in hydrated biological environments, may
compromise structural integrity. Therefore, optimizing crosslink density, crystallinity, and
degradation rates is critical for ensuring predictable long-term performance in vivo[36].
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Figure 5. Swelling-induced shape evolution and drug release profiles of 4D-printed smart implant loaded with
DOX, demonstrating programmable transformation and therapeutic effect (adapted from 4D printed multipurpose

smart implants for breast cancer management, Int. J. Pharmaceutics, 2023, CC-BY).

3.2. Conceptual Evolution from 3D to 4D Printing

Three-dimensional (3D) printing has transformed biomedical engineering by enabling layer-by-
layer fabrication of complex, patient-specific constructs with precise spatial control. In
pharmaceutical sciences, 3D printing has been applied to fabricate oral dosage forms, implants, and
tissue scaffolds with customizable geometries and controlled drug distribution. However,
conventional 3D-printed systems are inherently static; once fabricated, their structure and function
remain largely unchanged under physiological conditions.[43].

The concept of 4D printing extends this paradigm by introducing the dimension of time,
enabling printed constructs to undergo predefined structural, physicochemical, or functional
transformations in response to environmental stimuli. These transformations may include swelling,
shape morphing, degradation, pore size modulation, or triggered drug release. In drug delivery
applications, this dynamic responsiveness enables systems to adapt to pathological
microenvironments rather than functioning as passive depots[44].

The fourth dimension is typically activated by internal or external stimuli such as pH gradients,
temperature fluctuations, enzymatic activity, light exposure, magnetic fields, or redox conditions.
Among these, pH responsiveness is particularly attractive in oncology, given the well-established
acidity of the tumour microenvironment (TME)[45].
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3.3. Stimuli-Responsive Biomaterials for 4D Systems

The performance of a 4D-printed drug delivery platform is fundamentally governed by the
selection of smart biomaterials that undergo predictable, reversible transformations. Stimuli-
responsive polymers contain ionizable or cleavable functional groups that respond to environmental
triggers through mechanisms such as protonation—deprotonation, hydrolysis, or conformational
rearrangement.[46,47]. The performance of a 4D-printed drug delivery platform is fundamentally
governed by the selection of smart biomaterials that undergo predictable, reversible transformations.
Stimuli-responsive polymers contain ionizable or cleavable functional groups that respond to
environmental triggers through mechanisms such as protonation-deprotonation, hydrolysis, or
conformational rearrangement, enabling controlled release within the tumor microenvironment

(Figure 6)[48].
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Figure 6. Representative stimuli-responsive linkers and polymer systems used in smart nanoformulations for
oncology and adapted from Basety S, Gudepu R, Velidandi A. *Smart Nanoformulations for Oncology: A Review
on Overcoming Biological Barriers with Active Targeting, Stimuli-Responsive, and Controlled Release for
Effective Drug Delivery.* Pharmaceutics 2026, 18(2), 196 (https://doi.org/10.3390/pharmaceutics18020196),
distributed under the Creative Commons Attribution (CC BY) license.

3.3.1. pH-Responsive Polymers

pH-responsive polymers are typically engineered with ionizable functional moieties, including
carboxylic acid (-COOH), amine (-NH,), imidazole, and sulfonamide groups, which enable dynamic
physicochemical transitions in response to extracellular pH variations. Under acidic conditions,
protonation of these functional groups alters polymer charge distribution and intermolecular
interactions, leading to structural swelling, enhanced hydrophilicity, accelerated hydrolytic
degradation, or disruption of polymeric crosslinking networks. Within tumour-targeted delivery
systems, such pH-dependent behaviour facilitates preferential activation in mildly acidic tumour
tissues (pH 6.5-6.8), while preserving relative structural stability under physiological conditions
(approximately pH 7.4). This differential responsiveness underpins the spatial selectivity of drug
release and minimises premature systemic leakage[49].

Several biomaterials have been extensively explored for oncology-oriented 4D printing
applications, including poly(ethylene glycol) (PEG) derivatives, poly(trimethylene carbonate)
(PTMC), poly(p-amino esters), chitosan and its derivatives, and poly(lactic-co-glycolic acid) (PLGA)-

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.0251.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 March 2026 d0i:10.20944/preprints202603.0251.v1

12 of 42

based copolymers. Among these, PEG-PTMC hybrid systems have attracted particular interest
owing to their favourable biocompatibility, tunable degradation kinetics, and compatibility with
protein- and cytokine-based therapeutics. The synergistic integration of hydrophilic PEG domains
with biodegradable PTMC segments enables fine control over mechanical integrity, drug
encapsulation efficiency, and stimulus-responsive release behaviour, making such hybrid constructs
especially suitable for 4D-printed nanofiber implants designed for spatiotemporally controlled
oncological therapy.[50].

3.4. Mechanisms of Structural Transformation in 4D Implants
Structural evolution in 4D-printed systems is achieved through programmable material design.
In pH-responsive nanofiber implants, the following transformation mechanisms are most relevant:

3.4.1. Swelling-Induced Porosity Modulation

Protonation of polymer chains in acidic environments increases osmotic pressure within the
scaffold matrix, leading to swelling and expansion of pore networks. This enhances drug diffusion
and accelerates release kinetics.[51].

3.4.2. Acid-Catalysed Hydrolytic Degradation

Ester or carbonate linkages within polymers such as PTMC may undergo accelerated cleavage
under mildly acidic conditions, enabling controlled matrix erosion and sustained release of
encapsulated agents.[52].

3.4.3. Shape Memory and Morphological Adaptation

Shape-memory polymers can be programmed to expand or conform to irregular post-surgical
tumour cavities upon exposure to physiological temperature or pH triggers, improving tissue contact
and therapeutic coverage.[53].

3.4.4. Multistage Release Programming

Layered or gradient-loaded nanofibers allow sequential drug release, enabling early-phase
immunomodulation followed by sustained cytotoxic or cytokine-based therapy. These mechanisms
enable precise spatiotemporal drug delivery, which is particularly critical in preventing local
recurrence following tumour resection.[54].

3.5. Fabrication Technologies for 4D Nanofiber Implants

The fabrication method significantly influences fibre morphology, mechanical integrity, drug
encapsulation efficiency, and responsiveness.
3.5.1. Extrusion-Based 4D Printing

Allows fabrication of macroscopic implant architectures with programmable geometries and
gradient compositions[55].
3.5.2. Electrospinning 4D Hybrid Systems

Electrospinning produces nanofibrous matrices with high surface area-to-volume ratios,
facilitating efficient drug loading and rapid environmental responsiveness. Integration with 4D-
printable polymers enables dynamic transformation post-implantation[56].
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Figure 7. Advanced functional hybrid nanofiber fabrication for 4D-printed implants. MOF-grown hybrid fibers,
COF-coated porous nanofibers, polymer composition-dependent tuning, and electrospun inorganic—-organic
hybrid fibers illustrate the hierarchical design and fabrication workflow for pH-responsive spatiotemporal drug
delivery.

3.5.3. Digital Light Processing (DLP) and Stereolithography

Enable high-resolution constructs but require photopolymerizable materials, which may limit
compatibility with sensitive biologics such as cytokines[57].

Among these approaches, hybrid electrospun—printed constructs offer a balance between
nanoscale control and macroscopic architectural stability, making them particularly suitable for
localised breast cancer therapy.[58].

3.6. Advantages of 4D Printing in Oncology-Oriented Drug Delivery

4D-printed pH-responsive nanofiber implants offer several conceptual and therapeutic
advantages over conventional systemic drug delivery strategies. By leveraging microenvironment-
triggered activation, these platforms enable condition-dependent drug release, selectively initiated
within the acidic tumour niche rather than in normal tissues. Such spatial precision reduces systemic
exposure and minimises off-target toxicities, while simultaneously achieving higher localised drug
concentrations at the site of residual or recurrent disease. In addition, programmable multi-phase
release kinetics can be engineered to allow sequential or sustained therapeutic delivery, supporting
complex treatment regimens that may include immunomodulators, chemotherapeutics, or stromal-
targeting agents. The structural adaptability inherent to 4D printing further enables improved
conformity to irregular post-surgical tumour cavities, thereby enhancing implant-tissue integration
and therapeutic coverage. Moreover, these systems provide a versatile platform for integrating
combination therapy, enabling co-delivery of multiple agents with distinct temporal activation
profiles[50,59,60].

In contrast to systemic cytokine administration, such as recombinant interleukin-based
therapies, which are frequently associated with dose-limiting toxicities, localised 4D-printed systems
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have the potential to confine immune activation within the tumour microenvironment. This targeted
immunostimulation may amplify antitumor cytotoxic responses while substantially mitigating
systemic inflammatory adverse effects. Collectively, these attributes position 4D-printed pH-
responsive implants as a promising next-generation strategy for achieving spatiotemporally
controlled, site-specific breast cancer immunotherapy.[19,61].

3.7. Limitations and Current Knowledge Gaps

Despite significant promise, several challenges remain:

¢ Limited long-term in vivo data

e  Variability in tumour pH among patients
e  Reproducibility of transformation kinetics
e  Protein stability during printing processes
e  Scale-up feasibility

A deeper understanding of material-immune interactions and standardised characterisation
protocols will be essential to advance clinical translation.[62,63].

4. Design Principles of pH-Responsive Nanofiber Implants for Breast Cancer
Therapy

4.1. Rational Polymer Selection for Microenvironment-Responsive Implants

The therapeutic performance of 4D-printed pH-responsive nanofiber implants is fundamentally
governed by polymer composition, particularly in breast cancer applications, where multiple
biological and mechanical constraints must be satisfied simultaneously. An optimal polymer system
must demonstrate high biocompatibility with minimal immunogenic potential, exhibit controlled
and predictable degradation kinetics, and maintain sufficient mechanical stability for post-surgical
implantation within irregular lumpectomy cavities. In addition, compatibility with protein-based
immunotherapeutics is essential to preserve cytokine bioactivity during fabrication, storage, and
sustained release. Crucially, the material must retain pH-sensitive responsiveness in the mildly acidic
tumour microenvironment to enable selective, spatially confined therapeutic activation.[64,65].

The extracellular acidity characteristic of breast tumours, typically ranging from pH 6.5 to 6.8,
provides a physiologically relevant trigger for such stimulus-responsive systems. Polymers
incorporating hydrolyzable ester or carbonate linkages, such as poly(trimethylene carbonate)
(PTMC), offer tunable degradation behaviour under mildly acidic conditions, enabling
programmable erosion and controlled payload release.[66]. When integrated with hydrophilic
segments such as polyethene glycol (PEG), amphiphilic architectures can be engineered to enhance
cytokine stabilisation, facilitate nano-scale assembly within fibrous matrices, and regulate diffusion
dynamics. PEG-PTMC hybrid systems are particularly attractive for immunomodulatory implant
design, as PEG domains improve protein compatibility and reduce nonspecific adsorption, while
PTMC contributes structural integrity and adjustable degradation profiles. By modulating PEG chain
length, molecular weight, and crosslink density, it becomes possible to precisely control swelling
behaviour, pore expansion, and release kinetics, thereby aligning material performance with the
spatiotemporal requirements of localised breast cancer therapy.[67,68].

4.2. Engineering Nanofiber Architecture for Controlled Release

Nanofiber morphology represents a critical determinant of drug loading capacity, release
kinetics, and immune cell interaction within 4D-printed pH-responsive implants. Electrospinning-
based fabrication strategies generate fibres with exceptionally high surface-area-to-volume ratios,
thereby enhancing environmental sensitivity and facilitating rapid responsiveness to local
physicochemical cues. In advanced 4D-printed systems, these nanofibrous architectures can be
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hierarchically integrated into larger programmable constructs, enabling simultaneous micro-scale
diffusion control and macro-scale structural adaptation within post-surgical tumour cavities[69,70].

Architectural parameters such as fibre diameter (typically 100-800 nm), overall porosity, inter-
fibre spacing, spatial drug distribution, and multilayer organisation collectively govern diffusion
dynamics and degradation behaviour. In particular, core-shell nanofiber configurations allow spatial
segregation of multiple therapeutic agents within a single filament. For instance, rapidly acting
immunomodulators can be incorporated within the outer shell to initiate early immune priming. At
the same time, sustained-release cytokines may be localised within the core to maintain prolonged
activation. Such compartmentalised loading strategies enable multistage therapeutic programming
and refined spatiotemporal immunomodulation.[71].

Importantly, pH-induced polymer swelling under mildly acidic tumour conditions increases
inter-fibre spacing and enhances matrix permeability, thereby accelerating cytokine diffusion
selectively within breast tumour tissues. Under physiological pH conditions, however, structural
stability is relatively preserved, minimising premature release and off-target exposure. This
morphology-dependent responsiveness underscores the central role of nanofiber architecture in
aligning material design with tumour microenvironment-specific therapeutic objectives.[72].

4.3. Cytokine Nano-Assembly and Stabilisation Strategies

Localised immunotherapy requires preserving cytokine bioactivity during fabrication and
implantation. Cytokines such as Interleukin-15 and Interleukin-2 possess potent immune-activating
properties but are highly susceptible to denaturation, aggregation, and rapid systemic clearance.[73].

Nano-assembly approaches such as PEGylation or conjugation to biodegradable polymers can
improve stability and prolong local retention. Amphiphilic PEG-PTMC conjugates can self-assemble
into nano-aggregates capable of co-presenting cytokines in a multivalent configuration. Such co-
binding architectures may enhance the efficiency of receptor engagement and promote synergistic
immune activation[74].

Controlled immobilisation within nanofiber matrices further protects cytokines from premature
degradation. Encapsulation methods must avoid harsh solvents, extreme temperatures, or
photopolymerization conditions that compromise protein integrity. Low-temperature extrusion or
post-printing loading strategies may improve preservation of bioactivity.[75].

4.4. Mechanistic Basis of NK Cell Activation and Artificial Immune Synapse Formation

The therapeutic objective of cytokine-loaded 4D implants is to enhance localized activation and
persistence of natural killer (NK) cell populations within the tumour microenvironment (TME). NK
cells exert cytotoxic activity through direct recognition of stress-induced ligands on malignant cells,
followed by polarization of lytic granules and secretion of perforin and granzyme B, ultimately
inducing apoptosis. However, within breast tumors, NK cell activity is frequently attenuated by
immunosuppressive cytokines, metabolic constraints, and inhibitory receptor signaling.[76].

Interleukin-15 (IL-15) serves as a critical survival and proliferation factor for NK cells, whereas
interleukin-2 (IL-2) promotes cytotoxic activation and clonal expansion. Spatially confined co-
delivery of IL-15 and IL-2 may facilitate the formation of an artificial immune synapse (alS) at the
tumor-immune interface, promoting directed secretion of cytolytic mediators and enhancing tumor
cell apoptosis. Localized cytokine gradients generated via pH-triggered implant release enable
sustained NK activation within the tumour niche while minimizing systemic exposure and adverse
effects associated with systemic cytokine therapies such as aldesleukin.[77].

Cytokine-based immunomodulatory strategies incorporating IL-15 and IL-2 signaling have
demonstrated robust NK cell activation and enhanced antitumor efficacy. Representative
nanomicelle-based systems designed to co-activate NK cells and induce targeted tumor apoptosis are
illustrated in Figure 8. Although these platforms are primarily engineered for systemic
administration, their mechanistic framework provides a conceptual basis for integrating cytokine
signaling within 4D-printed implant architectures. By embedding cytokine reservoirs within pH-
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responsive nanofiber matrices, localized and temporally regulated immune activation may be
achieved in post-resection cavities, thereby transforming immunologically “cold” tumors into
immune-responsive phenotypes[78].
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Figure 8. Schematic illustration of IL-15/IL-2-PEG-PTMC self-assembled nanomicelles for co-activation of
natural killer (NK) cells and targeted tumor cell apoptosis. Amphiphilic PEG-PTMC copolymers undergo
spontaneous self-assembly to encapsulate cytokines, enabling receptor-mediated co-engagement of IL-15 and
IL-2 signaling pathways upon administration. Cytokine-receptor binding promotes NK cell proliferation,
cytotoxic activation, and formation of an artificial immune synapse (alS), facilitating polarized secretion of
perforin and granzyme B toward malignant cells. Downstream modulation of metabolic pathways, including
cholesterol homeostasis, further enhances NK effector function, culminating in tumor cell apoptosis. This
strategy exemplifies immuno-nanocarrier-mediated precision therapy and provides a mechanistic foundation
for localized cytokine delivery in 4D-printed implant platforms.3.5 Programming Spatiotemporal Release

Kinetics.

4.5. Spatiotemporal and Phased Release Strategies in 4D-Printed Implants

Spatiotemporal control represents the defining advantage of 4D-printed drug delivery systems,
distinguishing them from conventional implantable platforms. Release kinetics can be precisely
modulated through rational manipulation of material and structural parameters, including polymer
molecular weight, crosslink density, hydrophilic-hydrophobic balance, fibre diameter, and drug—
polymer binding interactions. Fine-tuning these variables enables dynamic control over diffusion
rates, degradation behaviour, and stimulus responsiveness within the tumour microenvironment.
Such engineering flexibility allows implants to be programmed to follow disease-specific biological
timelines rather than relying solely on passive drug diffusion.[79].
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A rational therapeutic design strategy may therefore incorporate a phased release architecture.
An initial priming phase could deliver a mild, localised burst of immunomodulatory agents
immediately following surgical tumour resection, facilitating early immune cell recruitment and
activation. This may be followed by a sustained activation phase characterised by controlled cytokine
release over days to weeks, aimed at maintaining natural killer (NK) cell cytotoxic function and
preventing local tumour recurrence. Finally, a resolution phase involving gradual, predictable
implant degradation would minimise the risk of chronic inflammation or long-term foreign-body
reactions. Beyond temporal modulation, sequential release strategies can be engineered first to
remodel the tumour microenvironment, such as by reprogramming tumour-associated macrophages
or partially neutralising extracellular acidity, before initiating potent immune stimulation. Such
hierarchical activation patterns reflect a biomimetic approach in which therapeutic intervention is
aligned with the evolving immunobiology of the tumour niche, thereby reinforcing the translational
potential of 4D-printed pH-responsive nanofiber implants for breast cancer therapy.[80].

4.6. Mechanical and Conformational Adaptation to Surgical Cavities

Post-lumpectomy breast cavities are inherently irregular in geometry, with substantial
variability in size, depth, and contour depending on tumor location and surgical margins. This
anatomical heterogeneity presents a significant challenge for conventional implantable drug delivery
systems that lack adaptive structural properties. In contrast, 4D-printed nanofiber implants
incorporating shape-memory characteristics can be introduced in a compact, minimally invasive
configuration and subsequently undergo controlled expansion or geometric transformation upon
exposure to physiological temperature and local pH conditions. Such adaptive conformability
enables the implant to closely align with the cavity architecture, thereby improving spatial
integration within the resection site[81].

Enhanced structural conformity promotes greater surface contact with residual tumour cells,
facilitates more uniform cytokine or drug distribution across the surgical bed, reduces dead-space
formation, and ultimately improves therapeutic coverage in areas at high risk of local recurrence.
From a materials engineering perspective, mechanical tuning is critical to achieving an optimal
balance between flexibility and structural persistence. The implant must retain sufficient elasticity to
conform to irregular tissue surfaces while maintaining mechanical integrity to prevent premature
collapse, fragmentation, or displacement. Careful modulation of polymer composition, crosslink
density, and degradation kinetics is therefore essential to ensure both functional adaptability and
sustained therapeutic performance in the post-surgical breast cancer setting.[82].

4.7. Critical Design Considerations and Trade-Offs

Despite the considerable design flexibility offered by 4D-printed pH-responsive implants,
multiple interdependent trade-offs must be carefully optimized to achieve therapeutic reliability[83].
For instance, increased polymer swelling may accelerate drug release kinetics and enhance early
bioavailability, yet excessive volumetric expansion can compromise mechanical integrity and
structural stability within the surgical cavity. Similarly, accelerated degradation profiles may
facilitate timely implant clearance and reduce long-term foreign body responses; however, overly
rapid breakdown can limit sustained therapeutic exposure and diminish long-term efficacy. Dense
crosslinking networks improve mechanical robustness and dimensional stability, but may
simultaneously restrict cytokine diffusion and reduce release efficiency. In parallel, higher cytokine
loading concentrations may enhance local immunostimulatory potency, although excessive dosing
risks localized inflammation, tissue damage, or aberrant immune activation.[84].

These competing parameters underscore the necessity of a systems-level optimization
framework that integrates materials science, tumor immunology, and pharmacokinetic modeling.
Rather than focusing on isolated design variables, future development of 4D-printed nanofiber
implants for breast cancer therapy must adopt a multidisciplinary strategy that balances structural
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performance, controlled release dynamics, and immune modulation to achieve predictable and
clinically translatable outcomes[85].

5. Tumor Microenvironment Modulation by 4D-Printed pH-Responsive
Implants

5.1. The Breast Tumor Microenvironment: A Dynamic Immunosuppressive Niche

The progression and therapeutic resistance of breast cancer are profoundly shaped by its tumor
microenvironment (TME), a dynamic and adaptive ecosystem comprising malignant epithelial cells,
cancer-associated fibroblasts (CAFs), tumor-associated macrophages (TAMs), endothelial cells,
extracellular matrix (ECM) components, and diverse infiltrating immune populations.[86]. This
complex cellular interplay establishes a structurally and metabolically restrictive niche that actively
supports tumor survival and immune evasion. A hallmark feature of this microenvironment is
metabolic reprogramming toward aerobic glycolysis, commonly referred to as the Warburg effect,
which drives excessive lactate accumulation and extracellular acidification, with intratumoral pH
frequently declining to approximately 6.5-6.8. The resulting acidic milieu exerts multiple
protumorigenic effects, including suppression of cytotoxic T lymphocyte and natural killer (NK) cell
activity, increased ECM stiffness and remodeling, enhanced tumor invasion and metastatic potential,
and impaired penetration of therapeutic agents[87].

Beyond metabolic acidification, hypoxia-driven signaling pathways and immunosuppressive
cytokines such as transforming growth factor-p3 (TGF-3) and interleukin-10 (IL-10) further dampen
effective antitumor immune responses. Additional mechanisms, including indoleamine 2,3-
dioxygenase (IDO)-mediated metabolic inhibition, stromal exclusion of effector lymphocytes, and
progressive T-cell exhaustion, collectively reinforce a localized immunosuppressive state that
systemic immunotherapies frequently fail to overcome. Importantly, these pathological
characteristics also serve as actionable biochemical triggers for stimuli-responsive therapeutic
systems. By harnessing tumor-associated acidity and hypoxia as programmable activation cues, 4D-
printed pH-responsive nanofiber implants offer a rational strategy for localized, spatiotemporal
immune reprogramming to restore intratumoral immunogenicity while minimizing systemic
toxicity. Such an approach reframes the hostile TME from a barrier into a design-informed
therapeutic opportunity.[88].

The breast tumor microenvironment is a highly dynamic and multicellular ecosystem composed
of malignant epithelial cells, stromal fibroblasts, immune suppressive populations, and vascular
components. Each cellular subset contributes uniquely to immune evasion, metabolic rewiring,
angiogenesis, and therapeutic resistance. A systematic understanding of these components is
essential for the rational design of spatiotemporally programmable 4D implants aimed at
microenvironmental reprogramming[89]. The key cellular constituents and their functional roles in
breast cancer progression, along with their therapeutic relevance to implant-mediated intervention,
are summarized in Table 2.

Table 2. Cellular Determinants of the Breast Tumor Microenvironment and Their Therapeutic Relevance to
4D Implant-Mediated Reprogramming.
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Collectively, these cellular interactions establish an immunosuppressive and mechanically
restrictive niche that limits immune infiltration and drug penetration. Therefore, next-generation
implantable systems must not only deliver cytotoxic agents but also actively reprogram stromal,
vascular, and immune compartments in a temporally coordinated manner.

5.2. Immune-Suppressive Tumour Microenvironment in Breast Cancer

Breast cancer, particularly triple-negative breast cancer (TNBC) and advanced metastatic
subtypes, exhibits a profoundly immunosuppressive tumour microenvironment (TME) that limits
durable responses to immunotherapy. Although certain subtypes exhibit moderate antigenicity,
effective antitumor immunity is frequently constrained by dysfunctional antigen presentation,
stromal barriers, metabolic reprogramming, and chronic immune checkpoint signalling.[97].

Reduced or heterogeneous expression of MHC class I molecules in breast tumour cells
compromises antigen presentation and impairs CD8* T-cell priming. While tumour-associated
mutations generate neoantigens, these are often insufficient to elicit sustained cytotoxic responses
due to pre-existing T-cell dysfunction and checkpoint-mediated inhibition. Dense extracellular
matrix (ECM) deposition, primarily driven by cancer-associated fibroblasts (CAFs), further restricts
immune cell trafficking into tumour cores, creating spatial immune exclusion[98].

Transforming growth factor-p (TGF-) is a central immunosuppressive cytokine in the breast
TME. Beyond its physiological role in tissue repair and immune homeostasis, TGF-3 inhibits CD8* T-
cell proliferation, suppresses perforin and granzyme expression, and impairs dendritic cell
maturation. Persistent TGF-3 signalling reinforces immune tolerance and promotes immune evasion.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.0251.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 March 2026 d0i:10.20944/preprints202603.0251.v1

20 of 42

Importantly, TGF-f3 also contributes to epithelial-mesenchymal transition (EMT) and metastatic
dissemination, linking immune suppression with disease progression.[99].

Metabolic immune escape mechanisms are also prominent. Indoleamine 2,3-dioxygenase (IDO)
expression by tumor cells and myeloid populations depletes tryptophan within the TME, disrupting
T-cell proliferation and promoting T-cell anergy and apoptosis. Such metabolic reprogramming
establishes a nutrient-deprived, hypoxic microenvironment, further aggravating immune
dysfunction.[100].

Regulatory T cells (Tregs) accumulate within breast tumors and sequester IL-2, depriving
effector T cells of critical growth signals. In parallel, tumor-associated macrophages (TAMs),
particularly the M2-polarized phenotype, secrete IL-10 and VEGF, suppressing dendritic cell
activation and enhancing angiogenesis. Myeloid-derived suppressor cells (MDSCs) further inhibit T-
cell activation through arginase activity and the production of reactive oxygen species. Collectively,
these cellular components establish a self-reinforcing immunosuppressive network.[92].

5.2.1. Antigenicity vs. Inmunogenicity in Breast Cancer: Implications for Checkpoint Therapy

Antigenicity alone is insufficient to predict responsiveness to immune checkpoint blockade in
breast cancer. Although triple-negative breast cancer (TNBC) generally exhibits a relatively higher
tumor mutational burden compared with hormone receptor—positive subtypes, clinical responses to
PD-1/PD-L1 inhibitors remain modest in unselected patient populations[98]. This discrepancy
highlights the distinction between antigenicity and immunogenicity. While antigenicity reflects the
presence of tumor-associated or neoantigens, immunogenicity denotes the capacity of these antigens
to elicit effective and sustained antitumor immune responses. In breast cancer, immunogenicity is
frequently compromised by multiple tumor microenvironment-mediated suppressive mechanisms.
Transforming growth factor-3 (TGF-B) signaling promotes immune exclusion by restricting T-cell
infiltration, indoleamine 2,3-dioxygenase (IDO)-mediated metabolic reprogramming suppresses
effector T-cell function, and the expansion of regulatory T cells (Tregs) and myeloid-derived
suppressor cells (MDSCs) further dampens cytotoxic immunity. In parallel, dense stromal
extracellular matrix deposition creates physical barriers that limit immune cell trafficking and drug
penetration. Collectively, these factors impair T-cell priming, migration, and effector activity, thereby
constraining the therapeutic efficacy of immune checkpoint inhibitors despite the presence of
targetable antigens. Emerging evidence indicates that patients with preserved antigen-presenting
machinery and pre-existing CD8* T-cell infiltration demonstrate improved clinical responses,
underscoring that restoration of intratumoral immunogenicity, rather than merely increasing antigen
load, is essential for effective immune modulation. This insight provides a strong rationale for
localised, spatiotemporally controlled immunoreprogramming strategies using 4D-printed pH-
responsive implants[101].

5.2.2. T-Cell Exhaustion and Resistance to Immune Checkpoint Blockade

Chronic antigen exposure within the breast tumour microenvironment, coupled with persistent
immunosuppressive signalling, drives the progressive exhaustion of cytotoxic T lymphocytes.
Exhausted CD8* T cells are characterised by sustained overexpression of inhibitory receptors,
including programmed cell death protein-1 (PD-1), cytotoxic T-lymphocyte—associated protein 4
(CTLA-4), lymphocyte activation gene-3 (LAG-3), and T-cell immunoglobulin and mucin domain-
containing protein-3 (TIM-3). This dysfunctional phenotype is reinforced by hypoxia, metabolic
stress, transforming growth factor-p (TGF-P) signalling, and the accumulation of suppressive
myeloid populations within the tumour microenvironment. Importantly, while early or transient
exhaustion may remain partially reversible, terminally exhausted T cells exhibit epigenetic
stabilisation of the dysfunctional state and markedly reduced proliferative capacity, thereby limiting
the therapeutic benefit of checkpoint blockade as a monotherapy[102].

In addition to functional impairment, structural and cellular barriers further restrict effective
antitumor immunity. The dense stromal architecture characteristic of many breast tumors physically
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limits T-cell infiltration, while defective antigen presentation compromises adequate priming and
clonal expansion. Collectively, these converging mechanisms provide a biological explanation for the
modest survival benefit observed with immune checkpoint inhibitors in metastatic breast cancer and
underscore the need for localized strategies to restore intratumoral immune competence. Within this
context, spatiotemporally controlled immunomodulation using 4D-printed pH-responsive implants
represents a rational approach to counteract exhaustion, enhance immune infiltration, and
recondition the tumor microenvironment[103].

5.2.3. Relevance to 4D-Printed pH-Responsive Nanofiber Implants

The immunosuppressive and spatially heterogeneous architecture of the breast tumour
microenvironment underscores the intrinsic limitations of systemic immunotherapy. Diffuse drug
distribution, dose-limiting toxicities, and inadequate intratumoral immune activation collectively
constrain therapeutic efficacy. In this context, emerging 4D-printed pH-responsive nanofiber
implants provide a rational platform for reprogramming the tumor microenvironment through
precise spatiotemporal modulation. By leveraging tumor-associated extracellular acidity as a
biological trigger, these systems can enable controlled, condition-dependent release of
immunostimulatory cytokines such as interleukin-15 (IL-15), immune modulators, or inhibitors of
the transforming growth factor-f3 (TGF-3) pathway directly within the tumor niche.[61,104].

Localised activation of such agents has the potential to enhance antigen presentation, promote
activation of natural killer (NK) cells and CD8* T cells, and counteract stromal stiffness—mediated
immune exclusion. Furthermore, sustained intratumoral cytokine exposure may help reverse early-
stage T-cell exhaustion and restore cytotoxic functionality before irreversible epigenetic fixation
occurs. By confining immune modulation to the tumour bed, programmable 4D implants may
significantly reduce systemic toxicity while amplifying local immunogenicity. Collectively, this
strategy reframes immune checkpoint resistance not as an immutable barrier, but as a condition
amenable to spatially controlled immune reconditioning, thereby positioning 4D-printed pH-
responsive implants as a promising adjunct in breast cancer immunotherapy.[105].

5.3. Exploiting Acidic pH as a Therapeutic Activation Signal

Extracellular acidity within the tumour microenvironment (TME) constitutes one of the most
consistent and exploitable hallmarks of solid malignancies, including breast cancer[106]. Rather than
viewing this metabolic derangement solely as a driver of immune suppression and therapeutic
resistance, it may be harnessed as a biological trigger to enable controlled drug activation. In this
context, 4D-printed pH-responsive nanofiber implants are uniquely positioned to transform tumor-
associated acidity into a programmable therapeutic advantage. Under mildly acidic conditions
characteristic of tumor interstitium, protonation of ionizable functional groups within the polymer
matrix increases hydrophilicity, induces scaffold swelling, expands pore networks, and accelerates
hydrolytic degradation. These physicochemical transitions collectively facilitate the selective release
of encapsulated cytokines or immunomodulatory agents within the tumor niche[107].

Importantly, relative structural stability is maintained at physiological pH (approximately 7.4),
thereby minimising premature drug leakage and systemic exposure. The resulting localised, pH-
triggered release establishes spatial cytokine gradients that preferentially enhance immune cell
recruitment and activation within the tumour bed. Through this stimulus-adaptive behaviour, the
TME is effectively redefined from a hostile barrier that limits therapeutic efficacy to an endogenous
biochemical signal that guides spatiotemporal immune modulation. Such a paradigm underscores
the rationale for integrating tumour-responsive materials into next-generation implantable
immunotherapeutic platforms.[108].
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5.4. Mechanisms of pH-Responsive Material Activation

pH-responsive polymers are rationally engineered with ionizable functional moieties such as
carboxylic acids, amines, sulfonamides, and imidazole groups that undergo reversible protonation—
deprotonation transitions in response to environmental pH fluctuations. Under physiological
conditions (pH ~7.4), these functional groups maintain a stable ionization state, preserving network
integrity through balanced electrostatic interactions and hydrogen bonding. In contrast, exposure to
the mildly acidic tumor microenvironment (pH 6.5-6.8) or intracellular endosomal/lysosomal
compartments (pH 5.0-6.0) perturbs this ionization equilibrium, thereby disrupting intermolecular
forces and initiating physicochemical transformations such as volumetric swelling, conformational
rearrangement, or cleavage of acid-labile linkages[109].

Drug release from pH-sensitive systems may be triggered through multiple complementary
mechanisms. These include (i) swelling-induced mesh expansion that enhances diffusion kinetics, (ii)
hydrolytic cleavage of acid-sensitive bonds such as hydrazone, acetal, or Schiff base linkages
facilitating controlled drug liberation, and (iii) electrostatic repulsion—driven network expansion that
increases porosity and permeability. Under acidic tumor conditions, protonation of pendant amine
or carboxyl groups enhances polymer hydrophilicity and electrostatic chain repulsion, resulting in
network expansion and enhanced diffusional transport. Consequently, pH-responsive hydrogels
undergo protonation-driven swelling, enabling spatially confined and temporally regulated drug
diffusion within tumor tissues (Figure 9)[110].

When incorporated into 4D-printed nanofiber or hydrogel architectures, these molecular-level
chemical responses can be synergistically integrated with programmed mechanical deformation. For
instance, asymmetric swelling in bilayer constructs may induce bending or folding, whereas isotropic
volumetric expansion in hydrogel matrices can drive macroscopic shape transformation. This chemo-
mechanical coupling allows synchronized structural adaptation and spatiotemporal drug release,
thereby enhancing localized therapeutic precision following surgical implantation. Representative
chemical structures of commonly employed pH-sensitive linkers and tumor-adaptive functional
motifs are illustrated in Figure 9, highlighting the molecular design strategies underpinning
microenvironment-responsive nanoformulations.[111].

Despite these advantages, excessive swelling may compromise mechanical robustness,
particularly in load-bearing or implantable systems intended for post-resection breast cancer therapy.
Therefore, precise optimization of crosslinking density, polymer composition, and network
architecture is essential to balance environmental responsiveness with structural stability,
degradation kinetics, and long-term functional performance.
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Figure 9. Schematic representation of pH-sensitive hydrogel swelling. Ionization of pendant functional groups
under acidic conditions increases hydrophilicity and electrostatic chain repulsion, resulting in network
expansion and controlled drug release. ECM, extracellular matrix; H*, hydrogen ions; OH-, hydroxide ions. Red
circles indicate loaded therapeutic agents. Reproduced from [Author et al., Cancers, 2021, 13, 1164], distributed
under the terms of the Creative Commons Attribution (CC BY 4.0) license.

5.5. Localised NK Cell Activation and Immune Synapse Enhancement

Effective immunotherapy requires reactivation of both innate and adaptive immune cells within
the tumour microenvironment. Among these, Natural killer cell populations play a critical role in
early tumour surveillance and cytotoxicity.[76].

Localised delivery of Interleukin-15 supports NK cell survival and proliferation, while
Interleukin-2 enhances cytotoxic activation. Controlled co-presentation within the TME may promote
the formation of an artificial immune synapse (alS) between NK cells and tumour cells, thereby
enabling the directed secretion of perforin and granzyme B.[76,112].

Importantly, localised cytokine gradients reduce the systemic toxicities observed with
recombinant cytokine therapy such as Aldesleukin, which has historically been limited by vascular
leak syndrome and dose-limiting adverse events.

Through spatiotemporal control, 4D implants create a confined immune-activating niche that
shifts the balance from immune evasion toward immune-mediated tumour destruction.

5.6. Modulation of Tumour-Associated Macrophages and Immune Reprogramming

Tumor-associated macrophages (TAMs) within the breast tumor microenvironment
predominantly acquire an M2-like phenotype characterized by pro-angiogenic, tissue-remodeling,
and immunosuppressive functions. This polarization state is reinforced by persistent extracellular
acidity, hypoxia-driven signaling pathways, and sustained exposure to anti-inflammatory cytokines,
collectively stabilizing a pro-tumoral niche that supports immune evasion and disease progression.
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Targeted modulation of this macrophage phenotype, therefore, represents a critical objective for
effective immune reconditioning strategies[113].

By enabling localized delivery of immunostimulatory cytokines and potentially integrating
microenvironment-neutralizing agents within the same platform, 4D-printed pH-responsive
nanofiber implants may facilitate macrophage reprogramming toward a more pro-inflammatory,
M1-like phenotype. Such polarization shifts can enhance antigen-presenting capacity, promote the
recruitment and activation of cytotoxic immune populations, and reduce the secretion of pro-tumoral
cytokines that otherwise perpetuate immune suppression. Moreover, augmented activation of
natural killer (NK) cells within the tumor bed may indirectly influence macrophage behavior through
cytokine cross-talk and interferon-mediated signaling cascades, further amplifying intratumoral
immune activation[114].

Through these coordinated mechanisms, the implant functions not merely as a passive drug
reservoir, but as a localized immune-modulatory hub capable of reshaping cellular interactions
within the tumor microenvironment. This systems-level immune reprogramming underscores the
potential of 4D-printed pH-responsive implants to convert an immunosuppressive niche into a
therapeutically permissive landscape in breast cancer.

5.7. ECM Remodelling and Improved Immune Penetration

The desmoplastic architecture of breast tumors represents a significant physical and
immunological barrier to effective therapy. A dense extracellular matrix (ECM), enriched in
crosslinked collagen fibers and associated with elevated mechanical stiffness, restricts both immune
cell infiltration and drug diffusion within the tumor bed. This stromal rigidity not only limits
cytotoxic lymphocyte trafficking but also impairs uniform therapeutic distribution, thereby
contributing to treatment resistance and local recurrence following surgical resection[115,116].

In this context, 4D-printed pH-responsive nanofiber implants may exert secondary
microenvironment-modulatory effects beyond their controlled drug-release function. Acid-triggered
swelling and progressive scaffold degradation can locally perturb ECM organization by generating
transient microchannels within the resection cavity, thereby facilitating immune cell infiltration and
improving interstitial transport. The formation of such microarchitectural pathways may enhance the
penetration of recruited cytotoxic T cells and natural killer (NK) cells while simultaneously sustaining
intratumoral cytokine gradients that reinforce immune activation.

Importantly, programmable degradation kinetics enable temporal control of scaffold
persistence, thereby reducing the risk of chronic foreign-body responses. By minimizing prolonged
fibrotic encapsulation and secondary stromal stiffening, these systems may prevent re-establishment
of an immunosuppressive niche. Collectively, this dual mechanical-immunological modulation
positions 4D-printed nanofiber implants not only as drug-delivery platforms but also as dynamic
regulators of tumor-stromal architecture, thereby improving immune accessibility and therapeutic
responsiveness in breast cancer[117].

5.8. Metabolic Rewiring and Cholesterol Dynamics in Immune Activation

Emerging evidence suggests that immune cell activation is closely linked to metabolic
remodeling, including cholesterol redistribution within cellular membranes. Enhanced membrane
cholesterol availability can promote the stability of immune synapses and receptor clustering.
Localized cytokine stimulation may influence cholesterol metabolic pathways in NK cells, facilitating
membrane reorganization and improved synapse formation. When integrated into a spatiotemporal
delivery framework, this metabolic modulation may enhance cytotoxicity against tumor cells.
Although this mechanistic axis remains underexplored in implant-based systems, it represents a
promising frontier for future immunoengineering strategies.[118].
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5.9. Integrated Microenvironment Reprogramming: From Suppression to Activation

The cumulative impact of pH-triggered cytokine release, natural killer (NK) cell activation,
macrophage repolarization, extracellular matrix (ECM) remodeling, and metabolic modulation
culminates in a coordinated transition from an immunosuppressive to an immunostimulatory tumor
microenvironment. Rather than targeting a single immune checkpoint or pathway, this strategy
leverages the intrinsic biochemical characteristics of the tumor niche to initiate a multi-layered
immune reconditioning process. By synchronizing biochemical, cellular, and mechanical cues, 4D-
printed pH-responsive nanofiber implants facilitate spatiotemporally controlled immune activation
directly within the tumor bed.[119].

Within this framework, these implants operate as dynamic therapeutic platforms with
multifunctional roles. They act as microenvironmental sensors through pH-responsive activation
mechanisms, as localized cytokine depots that sustain controlled immunostimulatory gradients, and
as hubs for immune cell recruitment, thereby enhancing cytotoxic infiltration. Simultaneously,
scaffold swelling and degradation contribute to the mechanical modulation of tumor architecture,
while programmable release kinetics enable the temporal sequencing of therapeutic events. This
integrated, multi-dimensional mode of action fundamentally distinguishes 4D systems from
conventional passive implants or systemic nanoformulations, which primarily rely on diffusion-
based delivery without adaptive responsiveness.[120].

Collectively, such programmable microenvironment reprogramming represents a paradigm
shift from static drug delivery toward active immunoengineering of the tumor niche, offering a
rational strategy to overcome immune exclusion and checkpoint resistance in breast cancer.

6. Spatiotemporal Immunotherapy Programming and Sequential Release
Strategies

6.1. Rationale for Spatiotemporal Control in Cancer Immunotherapy

Effective immunotherapy requires not only activation of immune cells but precise coordination
of timing, dosage, and spatial localization. Systemic cytokine administration often results in transient
immune activation followed by exhaustion, while excessive exposure can induce severe toxicities.
Therefore, immunotherapeutic success depends on maintaining a therapeutic window that supports
sustained immune stimulation within the tumor microenvironment (TME) while avoiding systemic
overactivation.[121].

4D-printed pH-responsive nanofiber implants offer a unique capability: they can program when,
where, and how much immunostimulatory agent is released. By exploiting acidic tumor conditions
as an activation trigger, these systems enable localized cytokine gradients that respond to
microenvironmental cues.[122].

6.2. Multiphase Release Design: A Three-Stage Programming Model

A rational spatiotemporal therapeutic strategy for 4D-printed pH-responsive nanofiber implants
may be conceptualized as a sequential, three-phase immunoengineering program. Such staged
modulation is particularly relevant in post-surgical breast cancer settings, where the resection cavity
represents both a high-risk site for recurrence and an opportunity for localized immune
conditioning.[123].

6.2.1. Phase I: Immune Priming and Microenvironment Conditioning.

Immediately following implantation, a controlled initial burst release can initiate localized
immune activation. This early phase is designed to recruit innate immune populations, stimulate
inflammatory signaling cascades, and counteract residual immunosuppressive mediators within the
tumor bed. By transiently enhancing antigen presentation and disrupting suppressive stromal cues,
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this priming window establishes a permissive microenvironment for subsequent cytotoxic
engagement rather than allowing rapid re-establishment of immune exclusion.[124,125].

6.2.2. Phase II: Sustained NK Cell Activation.

Following priming, a prolonged and regulated release of cytokines such as interleukin-15 (IL-
15) and interleukin-2 (IL-2) can support expansion and activation of natural killer (NK) cell
populations within the local microenvironment. Sustained cytokine gradients promote immune
synapse formation, enhance secretion of granzyme B and perforin, and facilitate direct tumor cell
apoptosis. In contrast to systemic recombinant IL-2 therapies such as aldesleukin, localized sustained
delivery minimizes peak plasma exposure, thereby reducing the risk of vascular leak syndrome and
systemic inflammatory toxicities while preserving therapeutic potency at the target site.[126].

6.2.3. Phase III: Inmune Memory Formation and Resolution.

As the implant undergoes programmable degradation, cytokine release tapers gradually,
allowing the immune response to transition from active cytotoxicity toward memory stabilization
and physiological resolution. This built-in decline in stimulatory signaling is critical to prevent
chronic inflammation, foreign body reactions, and secondary fibrosis. The capacity to couple
therapeutic escalation with controlled de-escalation fundamentally differentiates 4D-printed systems
from continuous infusion approaches, which lack intrinsic resolution programming[127].

Collectively, this three-stage release model exemplifies how 4D-printed nanofiber implants can
integrate temporal control with microenvironment-responsive activation, enabling structured
immune reprogramming from suppression to durable antitumor surveillance in breast cancer.

6.3. Sequential Multi-Agent Loading Strategies

Beyond single-agent delivery, 4D-printed nanofiber platforms enable compartmentalized,
gradient-based incorporation of multiple immunomodulatory agents within a single construct. Such
architectural flexibility enables rational sequencing strategies that progressively recondition the
tumor microenvironment. For instance, an initial release of acidity-neutralizing buffers may
transiently elevate local pH, thereby improving immune cell viability and restoring cytotoxic
function compromised by metabolic acidosis. This can be followed by the delivery of macrophage-
reprogramming agents to shift tumor-associated macrophages from an M2-like, pro-tumoral
phenotype toward a pro-inflammatory M1-like state. Subsequent sustained release of cytokines,
including IL-15 or IL-2, may then support expansion and activation of natural killer (NK) cells, while
delayed incorporation of immune checkpoint inhibitors can reinforce durable T-cell-mediated
responses once adequate immune infiltration has been established.[128,129].

Technically, such spatiotemporal control can be achieved through layer-by-layer electrospinning
approaches, gradient-loading strategies, or core-shell fiber architectures that physically segregate
bioactive components. Differential polymer composition, crosslinking density, and degradation
kinetics further regulate staged diffusion in response to environmental triggers, including pH
fluctuations and enzymatic activity. By coupling structural compartmentalization with stimulus-
responsive degradation, these systems enable programmed therapeutic cascades rather than
simultaneous, uncontrolled co-release.

This level of architectural and functional integration exemplifies how 4D nanofiber implants can
move beyond conventional combination therapy toward intelligently sequenced
immunoengineering, aligning microenvironment conditioning, innate activation, and adaptive
immune reinforcement within a single programmable platform.

6.4. Integration with Immune Checkpoint Blockade

Although immune checkpoint inhibitors have revolutionised oncology, their efficacy in breast
cancer remains variable due to limited immune infiltration and TME suppression. Localised immune
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activation via 4D implants may synergise with checkpoint blockade by increasing tumour
immunogenicity.[130].

For example, enhanced NK-mediated tumour lysis can increase antigen release, promoting
dendritic cell activation and T cell priming. Subsequent systemic checkpoint inhibition may then
sustain adaptive immune responses.

Such combinational strategies highlight the role of implants as immune amplifiers rather than
standalone therapies.

6.5. Mathematical and Engineering Modelling of Release Kinetics

An essential component in the rational development of 4D-printed pH-responsive nanofiber
implants is predictive modeling of spatiotemporal release behavior. Drug and cytokine release from
nanofibrous scaffolds may be governed by diffusion-dominated transport, swelling-mediated
permeability changes, degradation-driven erosion, or evolving hybrid multiphasic kinetics. In
complex tumor microenvironments, these mechanisms often coexist, necessitating integrative
computational frameworks rather than single-parameter approximations.[131].

Mathematical models incorporating Fickian diffusion principles, polymer swelling dynamics,
and acid-triggered degradation rate constants can facilitate quantitative prediction of intratumoral
cytokine concentration gradients and temporal exposure profiles. Such modeling approaches enable
optimization of polymer composition, crosslinking density, fiber diameter, and implant geometry
prior to experimental validation. Importantly, integrating patient-specific variables, including tumor
pH heterogeneity, interstitial fluid dynamics, and post-surgical cavity geometry, may enable further
refinement toward personalized implant configurations.[132].

Emerging computational strategies, including finite element modeling and machine learning—
assisted optimization, offer additional opportunities to identify non-intuitive design parameters that
maximize immune activation while minimizing off-target exposure. By coupling stimulus-responsive
materials science with predictive analytics, 4D nanofiber systems can transition from empirically
tuned constructs to data-driven, precision-engineered immunotherapeutic platforms capable of
reproducible, patient-adapted performance in breast cancer[133].

6.6. Avoiding Immune Exhaustion and Cytokine Overload

A critical consideration in cytokine-based immunomodulation is the delicate balance between
sustained immune activation and the risk of immune exhaustion. Prolonged exposure to high
systemic concentrations of cytokines may lead to receptor downregulation, activation-induced cell
death, or functional desensitization of effector lymphocytes, thereby paradoxically diminishing
therapeutic efficacy. Moreover, excessive stimulation can amplify systemic inflammatory responses,
increasing the likelihood of off-target toxicity.[134].

4D-printed pH-responsive nanofiber implants offer a strategy to mitigate these limitations by
spatially confining and temporally regulating cytokine delivery[19]. By restricting release to the
tumor microenvironment, systemic exposure is substantially reduced, minimizing peak plasma
concentrations and associated toxicities. Gradual formation of localized concentration gradients
enables sustained yet physiologically tolerable immune stimulation, while degradation-controlled
tapering provides an intrinsic decline in cytokine availability as therapeutic objectives are achieved.
Additionally, multiphase release programming allows sequential dosing within a single implant,
eliminating the need for repeated systemic administrations and reducing fluctuations in immune
activation intensity.[135].

Through these integrated control mechanisms, the implant functions as an autoregulated
cytokine-delivery platform rather than a continuous infusion source. This capacity to couple immune
stimulation with built-in resolution kinetics reinforces the safety profile of 4D systems while
preserving their potential to induce durable antitumor immunity in breast cancer.
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6.7. Clinical Implications of Spatiotemporal Programming

In the post-lumpectomy setting for breast cancer, residual microscopic disease within the
surgical cavity remains a principal contributor to local recurrence. Despite advances in surgical
precision and adjuvant radiotherapy, microscopic tumor foci and an immunosuppressive wound-
healing microenvironment may facilitate tumor regrowth. A conformable 4D-printed pH-responsive
nanofiber implant positioned within the resection cavity provides a localized strategy to counteract
these early-recurrence-driving mechanisms. By sequentially priming the microenvironment,
activating cytotoxic immune populations, and sustaining controlled immunostimulation, such
systems may reinforce immune surveillance precisely at the site of highest relapse risk[136].

Localized spatiotemporal cytokine programming has the potential to reduce recurrence rates
while minimizing systemic exposure and associated toxicities. Furthermore, by modulating immune
infiltration and stromal architecture, these implants may synergize with adjuvant radiotherapy,
which itself can enhance antigen release and immune visibility. Importantly, the capacity to tailor
release kinetics according to tumor subtype, immune phenotype, and margin status introduces a level
of therapeutic personalization not achievable with conventional systemic regimens.[137].

Collectively, these attributes position 4D-printed nanofiber implants as prospective adjuncts in
personalized  oncologic care, integrating surgical intervention with programmable
immunoengineering to improve long-term disease control in breast cancer.

7. Translational and Regulatory Challenges

7.1. Manufacturing Scalability and GMP Compliance

Although laboratory-scale fabrication of 4D-printed pH-responsive nanofiber implants has
yielded compelling proof-of-concept data, successful clinical translation necessitates scalable
manufacturing under Good Manufacturing Practice (GMP) compliance. Reproducibility of fibre
morphology, including diameter distribution and porosity, must be tightly controlled to ensure
predictable release kinetics and mechanical stability. Similarly, uniform cytokine encapsulation
efficiency, crosslinking density, and degradation behavior are critical determinants of therapeutic
performance and must demonstrate minimal batch-to-batch variability.[138].

Electrospinning processes are inherently sensitive to environmental factors such as humidity,
temperature, and solvent evaporation dynamics, posing significant challenges during scale-up from
syringe-based laboratory systems to industrial production platforms. Implementation of closed-loop
process control, real-time monitoring, and standardized operating parameters will therefore be
essential to maintain structural and functional consistency.[139].

The incorporation of bioactive proteins further increases manufacturing complexity, as
cytokines are susceptible to shear stress, thermal fluctuations, and solvent exposure during
processing. Consequently, rigorous definition and validation of critical quality attributes (CQAs),
including mechanical integrity, release kinetics, sterility, and preservation of cytokine bioactivity,
will be indispensable for regulatory approval and clinical adoption.[140].

7.2. Sterilisation of Cytokine-Loaded Implants

Sterilization represents a critical translational hurdle for biologic-loaded 4D-printed nanofiber
implants. Conventional sterilization modalities, including gamma irradiation, ethylene oxide
exposure, and moist heat autoclaving, may adversely affect protein stability by inducing
denaturation, oxidation, aggregation, or structural fragmentation. Such alterations can significantly
compromise cytokine bioactivity and therapeutic efficacy.[141].

For protein-integrated 4D systems, alternative strategies must be carefully considered. Aseptic
manufacturing under controlled GMP conditions may reduce reliance on terminal sterilization, while
low-dose irradiation in the presence of stabilizing excipients may partially preserve structural
integrity. Emerging techniques such as supercritical CO, sterilization offer reduced thermal and
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oxidative stress; however, their compatibility with complex polymer—protein matrices requires
thorough validation. Post-sterilization cytokine loading presents another potential solution, but
introduces additional process complexity and risks related to uniformity and contamination
control.[142].

Each approach entails a balance between achieving acceptable sterility assurance levels and
maintaining biological functionality. Accordingly, comprehensive validation studies assessing
cytokine receptor-binding affinity, downstream signaling, and functional immune activation, such as
NK cell proliferation and cytotoxicity assays, are essential to confirm post-sterilization bioactivity
and ensure translational feasibility.

7.3. Stability and Storage Considerations

Long-term storage stability represents an additional translational challenge for cytokine-loaded
4D-printed nanofiber implants. Therapeutic proteins are inherently prone to aggregation, oxidative
modification, moisture-induced degradation, and surface adsorption to polymer matrices, all of
which may compromise structural integrity and bioactivity over time. To mitigate these risks,
formulation strategies such as lyophilized incorporation, inclusion of cryo- and lyoprotectants, and
chemical stabilization approaches (e.g., PEGylation) may enhance protein stability within the scaffold
architecture[143].

Comprehensive stability evaluation under International Council for Harmonisation (ICH)
guidelines will be necessary to establish shelf life, define acceptable storage conditions, and
characterize degradation kinetics. Accelerated and long-term stability studies should assess not only
physicochemical parameters but also functional cytokine activity. In parallel, packaging systems
must provide robust protection against humidity, oxygen exposure, and temperature fluctuations
while preserving sterility throughout the product lifecycle[144].

Collectively, integrating formulation stabilization strategies with validated storage and
packaging controls will be essential to ensure clinical reliability and regulatory compliance of protein-
loaded 4D implant systems.

7.4. Regulatory Classification: Combination Product Complexity

4D-printed cytokine-loaded nanofiber implants constitute a hybrid therapeutic platform
integrating structural elements of an implantable medical device with the biological activity of
cytokines such as interleukin-15 and interleukin-2, and potentially additional pharmacological
agents. Owing to this multifunctional composition, such systems are likely to be regulated as
combination products by authorities, including the U.S. Food and Drug Administration and
comparable international agencies. Regulatory evaluation would therefore necessitate a
comprehensive assessment across device and biologic domains, encompassing biocompatibility and
mechanical integrity testing, validation of cytokine potency and bioactivity, pharmacokinetic and
biodistribution profiling, as well as toxicology and immunogenicity studies[145].

A critical determinant of the approval pathway will be the designation of the primary mode of
action (PMOA). If immune activation mediated by cytokine release is deemed the principal
therapeutic mechanism, regulatory oversight may follow a biologics-centered framework, potentially
increasing evidentiary and clinical requirements. Accordingly, early engagement with regulatory
agencies during preclinical development is strongly advisable to clarify classification, define critical
data packages, and streamline translational progression[146].

7.5. Preclinical Evaluation Challenges

Prior to clinical translation, rigorous in vivo validation is indispensable to establish the safety,
efficacy, and immunomodulatory performance of 4D-printed cytokine-loaded implants. Replicating
the structural and immunological complexity of the breast tumor microenvironment in animal
models remains inherently challenging, necessitating careful experimental design. Critical evaluation
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parameters should include in vivo scaffold degradation kinetics, spatial and temporal cytokine
release profiles, extent of local immune cell infiltration, systemic cytokine exposure, off-target
inflammatory responses, and the incidence of fibrosis or foreign-body reactions[147].

Given interspecies differences in immune regulation, particularly in natural killer (NK) cell
biology, model selection is of paramount importance. Immunocompetent and orthotopic breast
tumor models are preferable to recapitulate tumor—-immune interactions within the native
microenvironment more accurately. Furthermore, long-term implantation studies are essential to
assess chronic inflammatory sequelae, biodegradation byproducts, and sustained immunological
effects. Such a comprehensive preclinical evaluation will be critical to generating clinically
translatable data and de-risking early-phase human trials[148].

7.6. Safety Considerations and Immune-Related Risks

Although localized cytokine delivery substantially limits systemic exposure, potential safety
risks remain and must be carefully addressed during preclinical development. Excessive local
immune activation may provoke tissue damage, cytokine-mediated necrosis, or unintended
amplification of inflammatory cascades. Additional concerns include autoimmune activation, chronic
foreign body responses, and fibrotic encapsulation, all of which may compromise both therapeutic
efficacy and implant functionality[149].

Achieving an optimal balance between immune stimulation and tissue tolerance is therefore
critical. Dose-optimization studies are required to define safe cytokine loading thresholds that induce
robust natural killer (NK) cell activation without triggering local cytotoxicity or sustained
inflammatory injury. In parallel, the biocompatibility and clearance of polymer degradation
byproducts must be thoroughly evaluated to exclude cumulative toxicity or systemic
dissemination[150].

Comprehensive safety profiling integrating immunological, histopathological, and
pharmacokinetic assessments will be essential to ensure that programmable immune activation
remains controlled, reversible, and clinically acceptable.

7.7. Economic and Clinical Implementation Barriers

Beyond regulatory and technical challenges, economic considerations will substantially
influence the translational viability of 4D-printed cytokine-loaded implants. The cost-intensive
production of recombinant cytokines, scalability of stimuli-responsive polymer systems, requirement
for specialized 4D printing infrastructure, and surgical implantation procedures collectively
contribute to overall treatment expenditure. For successful integration into standard-of-care
workflows, particularly in the post-lumpectomy management of breast cancer, these systems must
demonstrate clear and measurable clinical advantages over established localized interventions,
including radiotherapy and chemotherapeutic wafer-based implants[151].

Demonstration of superior recurrence control, reduced systemic toxicity, or improved quality-
of-life outcomes will be essential to justify added complexity and cost. Ultimately, comprehensive
health-economic evaluations incorporating manufacturing expenses, surgical logistics, long-term
outcome data, and potential reductions in recurrence-related treatment costs will determine real-
world adoption and reimbursement feasibility.

7.8. Bridging the Gap Between Innovation and Clinical Reality

The progression of 4D-printed cytokine-loaded nanofiber implants from experimental platforms
to clinically applicable therapeutics will require coordinated interdisciplinary collaboration. Effective
translation demands integration of expertise from pharmaceutical scientists, immunologists,
biomedical engineers, regulatory specialists, and oncologic surgeons to align material design,
immune modulation strategies, manufacturing controls, and clinical implementation pathways[152].

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.0251.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 March 2026 d0i:10.20944/preprints202603.0251.v1

31 of 42

Standardized physicochemical and biological characterization protocols, coupled with robust
predictive modeling tools, will be essential to ensure reproducibility and optimize spatiotemporal
release profiles. Early-phase clinical investigations should prioritize safety, tolerability, and local
immune biomarker assessment to establish mechanistic proof-of-concept in humans.

Although substantial scientific, regulatory, and economic challenges remain, continued rational
design refinement and proactive regulatory alignment may ultimately position 4D-printed
immunomodulatory implants as a novel class of programmable, localized cancer therapeutics
capable of redefining post-surgical management of the tumor microenvironment[153].

8. Future Perspectives and Emerging Directions

8.1. Toward Personalised Microenvironment-Responsive Implants

One of the most compelling future directions for 4D-printed nanofiber platforms lies in the
personalization of implant design. The breast tumor microenvironment exhibits substantial
interpatient and subtype-specific heterogeneity, including variations in extracellular pH, immune cell
infiltration density, stromal composition, and metabolic gradients. Such variability underscores the
limitations of uniform implant configurations and highlights the need for biologically adaptive
systems[154].

Next-generation 4D implants may therefore integrate patient-specific tumor pH mapping to
calibrate stimulus sensitivity, programmable degradation kinetics tailored to anticipated healing and
recurrence timelines, and adjustable cytokine loading guided by immune profiling data.
Additionally, incorporating three-dimensional cavity imaging could enable geometry-matched
scaffold fabrication, ensuring optimal conformability within post-resection defects. Integration with
surgical planning software and intraoperative imaging modalities may further facilitate precise
alignment between implant architecture and local tumor biology[155].

Through such convergence of biomaterials engineering, immunoprofiling, and digital surgical
technologies, 4D-printed systems could evolve toward truly patient-specific immunomodulatory
implants, advancing precision medicine in post-surgical breast cancer management.

8.2. Al-Guided Optimisation of Polymer and Release Profiles

Artificial intelligence (AI) and machine-learning-driven modeling frameworks present
powerful opportunities to optimize 4D-printed nanofiber implant designs rationally. By integrating
multivariate datasets encompassing polymer composition, crosslink density, degradation kinetics,
and cytokine release behavior, predictive algorithms may facilitate data-guided material selection
and formulation refinement. Computational models capable of incorporating tumor-specific
parameters such as extracellular acidity gradients, cytokine diffusion coefficients, immune activation
thresholds, and scaffold degradation constants could enable simulation of spatiotemporal release
dynamics prior to physical fabrication[80,156].

Training such models on experimental and preclinical datasets may allow identification of
optimal release profiles that balance immune stimulation with safety constraints. In this context, Al-
assisted design strategies have the potential to reduce iterative experimental burden, accelerate
developmental timelines, and enhance translational predictability. The convergence of
computational intelligence with programmable biomaterials engineering may therefore represent a
transformative step toward precision-optimized, clinically adaptable 4D immunomodulatory
implants.

8.3. Integration of Biosensing and Feedback-Responsive Systems

Future iterations of 4D-printed nanofiber implants may progress beyond passive stimulus-
responsive systems toward actively regulated, feedback-controlled therapeutic platforms.
Integration of biosensing elements capable of monitoring local pH dynamics, inflammatory cytokine
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concentrations, immune cell density, or hypoxia-associated markers could enable real-time
adaptation of cytokine release profiles. Such sensing modules, coupled with smart polymers
exhibiting reversible conformational transitions, may permit dynamic modulation of therapeutic
output in response to evolving tumor microenvironmental conditions[157].

In this closed-loop configuration, cytokine delivery would no longer rely solely on predefined
degradation kinetics but could instead adjust to fluctuations in immune activation status or metabolic
stress signals. By synchronizing biomaterial responsiveness with biological feedback, these systems
could minimize overtreatment while sustaining effective immune stimulation. The development of
autonomous, self-regulating immunotherapeutic implants therefore represents a forward-looking
paradigm shift in localized cancer therapy, with the potential to transform tumor microenvironment
modulation into an adaptive and precision-controlled intervention.

8.4. Expanding Beyond Cytokines: Gene Editing and Advanced Biologics

Future 4D-printed nanofiber platforms may expand beyond cytokine delivery to incorporate
advanced biologic modalities, including mRNA-based therapeutics, CRISPR/Cas gene-editing
systems, oncolytic viral agents, and bispecific immune engagers. Localized deployment of such
technologies within the post-resection cavity could enable in situ reprogramming of tumor or
immune cells, thereby directly modifying the immunological landscape at the site of highest risk of
recurrence. In particular, spatially confined gene-editing approaches may enable selective
enhancement of antitumor immunity or suppression of pro-tumoral signaling pathways without
systemic exposure [158].

However, integration of these sophisticated biologics would substantially increase safety,
containment, and regulatory complexity. Precise control over release kinetics, vector stability, and
spatial confinement will be essential to prevent unintended gene expression, off-target editing, or
systemic dissemination. Consequently, rigorous engineering of scaffold architecture, degradation
dynamics, and bioactive payload stabilization must accompany parallel development of robust
biosafety and regulatory frameworks[159].

If carefully implemented, the convergence of programmable biomaterials with gene-modulating
technologies could redefine localized cancer immunotherapy, transforming resection cavities into
sites of controlled biological re-engineering rather than passive post-surgical spaces.

8.5. Combination Strategies with Immune Checkpoint Modulation

Checkpoint inhibitors have demonstrated heterogeneous clinical efficacy in breast cancer,
largely attributable to insufficient baseline immune infiltration and the prevalence of
immunologically “cold” tumor phenotypes. Localized activation of natural killer (NK) cells through
cytokine-loaded 4D-printed nanofiber implants may provide a strategy to overcome this limitation
by enhancing early cytotoxic activity and promoting antigen release within the tumor bed. Increased
tumor cell lysis can facilitate dendritic cell activation and antigen presentation, thereby improving
subsequent T-cell priming and adaptive immune engagement[160].

A rational therapeutic sequence may therefore involve initial implant-mediated NK activation
and localized tumor debulking, followed by enhanced antigen exposure and dendritic cell
maturation, and ultimately systemic administration of checkpoint inhibitors to sustain and amplify
T-cell-mediated immunity. Such temporally coordinated combination strategies have the potential
to convert poorly infiltrated tumors into immunologically active, checkpoint-responsive
phenotypes[161].

By integrating localized innate immune stimulation with systemic adaptive immune
modulation, 4D-printed implants may function as immunological primers that expand the
therapeutic window of checkpoint blockade in breast cancer.
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8.6. Ethical and Long-Term Safety Considerations

As implantable immunomodulatory systems become more sophisticated, long-term surveillance
of immune dysregulation, autoimmunity, and chronic inflammation will be necessary. Transparent
patient consent and careful monitoring of immune biomarkers should accompany clinical trials.
Balancing innovation with safety will determine the success of 4D-printed platforms in
oncology[162].

Table 3. Tumour Microenvironment Targets Relevant to Breast Cancer and Potential Integration with 4D-

Printed pH-Responsive Nanofiber Implants.
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9. Conclusion

4D-printed pH-responsive nanofiber implants represent a transformative convergence of smart
biomaterials engineering, immunotherapy, and localised drug delivery. By exploiting the acidic
tumour microenvironment as a biological trigger, these systems enable spatiotemporally
programmed cytokine release, thereby enhancing NK cell activation while minimising systemic
toxicity. Beyond serving as passive drug depots, such implants function as dynamic
immunoengineering platforms that modulate tumour-associated macrophages, reshape extracellular
matrix architecture, and convert immunosuppressive niches into immune-active environments.
Despite significant translational challenges, including manufacturing scalability, sterilisation
constraints, regulatory complexity, and long-term safety considerations, the rapid evolution of
polymer science, computational modelling, and immunobiology provides a promising pathway
toward clinical realisation. Future integration of Al-guided design, biosensing feedback systems, and
personalised tumour profiling may further refine these platforms into adaptive, patient-specific
therapeutic devices. With continued interdisciplinary collaboration, 4D-printed immunomodulatory
implants have the potential to redefine localised therapy in breast cancer and establish a new
paradigm in microenvironment-responsive oncology.
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