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Abstract 

Biopolymer-based composite scaffolds have attracted significant attention as multifunctional platforms 
at the intersection of polymer science, regenerative medicine, and cancer nanotherapy. In this study, a 
dual-functional scaffold was developed for simultaneous osteosarcoma treatment and bone 
regeneration using poly (L-lactic acid) (PLLA) reinforced with bioactive glass (BG) and integrated 
with a glutathione-responsive platinum (IV) prodrug system (PDA@Pt). To improve interfacial 
adhesion, photothermal conversion efficiency, and tumor-specific activation, the Pt (IV) prodrug was 
conjugated onto polydopamine (PDA) nanoparticles. These nanofillers were uniformly embedded 
within the PLLA/BG matrix via selective laser sintering (SLS), enabling precise architectural control, 
optimized porosity, and enhanced mechanical stability suitable for load-bearing bone applications. 
 
The engineered scaffold exhibited a highly interconnected porous structure that supported nutrient 
transport, vascularization, and cell infiltration, while maintaining improved compressive strength due 
to synergistic reinforcement from bioactive glass and polymer crystallinity. Under near-infrared (NIR) 
irradiation, the scaffold generated localized hyperthermia, enabling efficient tumor ablation and 
simultaneously triggering the reduction of Pt (IV) to cytotoxic Pt (II) species in the glutathione-rich 
tumor microenvironment. The drug release profile showed sustained and stimuli-responsive kinetics 
governed by matrix degradation and redox-sensitive cleavage mechanisms, ensuring controlled 
therapeutic delivery. 
 
In vitro studies demonstrated strong cytotoxicity against osteosarcoma cells, along with induction of 
immunogenic cell death and activation of the cGAS–STING signaling pathway, highlighting its promise 
for polymer-mediated cancer immunotherapy. Concurrently, the scaffold promoted osteogenic 
differentiation of bone marrow mesenchymal stem cells, as evidenced by increased alkaline 

phosphatase activity and osteocalcin expression. 
 
In vivo results further confirmed effective tumor 
suppression under NIR exposure and accelerated 
bone regeneration in critical-sized defects with 
improved tissue integration. Overall, this work 
highlights the potential of integrating polymer 
matrices, bioactive inorganic phases, and 
multifunctional nanocarriers to develop advanced 
scaffolds with synchronized therapeutic and 
regenerative functions for regenerative oncology 
and personalized biomedical applications. 
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Graphical Abstract 

 
 

Research Highlights 

• For targeted therapy, a glutathione-responsive Pt (IV) prodrug (PDA@Pt) was developed.  

• Using selective laser sintering, a prodrug is integrated into a PLLA/BG biopolymer scaffold, 

allowing controlled release of Pt (II) in microenvironments that resemble tumors.  

• Robust photothermal conversion for synergistic treatment under NIR.  

• Significant in vitro cytotoxicity against osteosarcoma cells.  

• Activation of antitumor immune pathways (cGAS-STING).  

• Support for osteogenic differentiation of stem cells in vitro. ⁕Enhanced bone repair and local 

tumor inhibition in vivo. 

 

SCOPE 

This study focuses on the design, fabrication, and evaluation of a multifunctional biopolymer-based 

composite scaffold for applications in post-tumor bone reconstruction. The work addresses limitations 

associated with conventional systemic chemotherapy and bone grafting, including poor localized drug 

delivery and insufficient mechanical support for effective tissue regeneration. To overcome these 

challenges, a composite scaffold system was engineered by integrating a biodegradable polymer matrix 

with a glutathione-responsive platinum (Pt(IV)) prodrug and photothermal agents, enabling 

simultaneous structural reinforcement, localized therapeutic delivery, and stimuli-responsive 

functionality. The research encompasses: (1) synthesis and physicochemical characterization of the 

polymer–drug composite, including analysis of polymer morphology, interfacial interactions, and 

thermal stability; (2) evaluation of scaffold properties such as porosity, mechanical strength, 

degradation behavior, and controlled drug release kinetics; and (3) biological investigations, including 

in vitro cytocompatibility, photothermal efficiency, and osteogenic differentiation potential. 

Furthermore, in vivo studies were conducted to assess the composite scaffold’s performance in tumor 

suppression and bone tissue regeneration using established animal models. Special emphasis was placed 

on structure–property–function relationships within the polymer composite system to ensure optimal 

performance. Quantitative analyses of drug release behavior, mechanical integrity, and host response 

were carried out to demonstrate the scaffold’s potential as an advanced polymeric composite for 

biomedical applications. [Figure 1] [1,2]. 

 

The use of biopolymers such as collagen, chitosan, and bioactive glass in scaffold construction to 

promote cellular development and deliver therapeutic chemicals is in line with this integrative approach. 

For scaffold functioning in tissue engineering, biopolymers are chosen for their intrinsic 
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biocompatibility, biodegradability, and adjustable qualities. Such scaffolds have been demonstrated to 

boost tissue regeneration results, reduce systemic toxicity, and improve localised medication 

delivery.Prior research has mostly concentrated on discrete elements, such as tissue regeneration or 

anticancer delivery, but this study connects these fields to provide a multipurpose platform that can be 

employed in clinical settings. The findings have implications for the study communities of biomaterials, 

oncology, and regenerative medicine, and they present a possible novel therapeutic approach for 

combined anticancer and repair treatment [3-15]. 

 

 
Figure 1. Development of multifunctional bio-polymer scaffold for post-tumor resection reconstructive 

surgery 

 

INTRODUCTION 

Tissue engineering has rapidly evolved within the domain of polymer and composite science, offering 

innovative strategies for the repair and regeneration of damaged tissues through the integration of cells, 

polymeric biomaterials, and bioactive cues. In this context, biopolymers such as collagen, chitosan, and 

their composite derivatives play a pivotal role in scaffold fabrication owing to their excellent 

biocompatibility, controlled biodegradability, and close resemblance to the native extracellular matrix 

(ECM). Recent advances emphasize the development of polymer-based composite scaffolds with 

enhanced mechanical strength, tunable physicochemical properties, and functional versatility. Despite 

these advancements, tissue defects associated with malignant tumors pose a significant challenge, as 

they require not only effective structural reconstruction but also the incorporation of therapeutic 

functionalities to inhibit tumor recurrence. Consequently, the design of multifunctional polymeric and 

composite scaffolds capable of simultaneous tissue regeneration and localized anticancer activity has 

become a critical focus in the Journal of Polymer and Composites research landscape. [Figure:2] [16]. 

 

Tissue engineering has emerged as an advanced interdisciplinary field that integrates polymer 

science, biomaterials engineering, and biological systems to restore or replace damaged tissues. In this 

context, biopolymers such as collagen and chitosan have gained significant attention due to their 

intrinsic biocompatibility, biodegradability, and structural resemblance to the natural extracellular 

matrix (ECM). These characteristics make them highly suitable candidates for the fabrication of 

polymeric scaffolds with tailored physicochemical and biological properties [17]. From a polymer and 

composites perspective, the development of multifunctional scaffold systems requires precise control 

over composition, architecture, and functional responsiveness. Tissue abnormalities associated with 

malignant tumours present dual challenges: structural degradation and the risk of local cancer 

recurrence. Recent advances in polymer-based composite systems have enabled the design of stimuli-

responsive drug delivery platforms, where biochemical triggers such as elevated glutathione (GSH) 

concentrations in tumour microenvironments can initiate controlled drug release. Incorporation of 

redox-responsive Pt (IV) prodrugs within polymer matrices facilitates site-specific activation, thereby 
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enhancing therapeutic efficiency while minimizing systemic toxicity [18]. Furthermore, functional 

modification of polymer composites using polydopamine (PDA) introduces photothermal properties, 

enabling near-infrared (NIR)-induced localized hyperthermia. This synergistic approach combines 

polymer-mediated drug delivery with thermal therapy, highlighting the versatility of engineered 

composite scaffolds [19]. In addition, polymer composites incorporating bioactive glass (BG) and poly 

(L-lactic acid) (PLLA) demonstrate enhanced mechanical strength, osteoconductivity, and structural 

stability, making them suitable for load-bearing bone tissue applications. The dispersion of inorganic 

phases such as BG within polymer matrices promotes mineralization and facilitates new tissue 

formation, illustrating the critical role of composite design in achieving desirable biological and 

mechanical performance. By integrating biodegradable polymers, inorganic bioactive fillers, and 

functional nanocoatings, multifunctional composite scaffolds can be engineered to support cell 

adhesion, proliferation, and differentiation, while simultaneously enabling anticancer activity and 

immunomodulation. Despite substantial progress, most systems remain at a preliminary stage, with 

limited studies demonstrating simultaneous tissue regeneration and anticancer efficacy in clinically 

relevant models [20]. To address these challenges, the present work focuses on the development of a 

glutathione-responsive Pt(IV) prodrug-functionalized polymer composite scaffold (PDA@Pt) 

fabricated via selective laser sintering. This advanced processing technique allows precise control over 

scaffold porosity and architecture. The designed composite system exhibits NIR-triggered photothermal 

behavior, redox-responsive drug release, and enhanced osteogenic differentiation of mesenchymal stem 

cells. Such a multifunctional polymer composite platform offers significant potential as a theranostic 

system for simultaneous bone regeneration and suppression of tumour recurrence [21-50]. 

 

 
Figure 2. Using a combination of cells, biomaterials, and bioactive signals, tissue engineering has 

become a revolutionary science focused on replacing or mending damaged biological tissues. 

 

RESEARCH AND METHODOLOGIES 

Supplies and the Fabrication of Scaffolds 

Synthesis of the Prodrug: Pt (IV) prodrug was created by amidation grafting onto polydopamine 

(PDA), which produced PDA@Pt nanoparticles. 

 

Scaffold Matrix: A biocompatible matrix was produced by combining bioactive glass (BG) particles 

with poly(L-lactic acid) (PLLA). 

 

Fabrication Method: PDA@Pt was encapsulated in porous 3D scaffolds made via selective laser 

sintering (SLS) [51-60].  
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Techniques for Characterisation  

Morphology: Pore architecture can be examined using scanning electron microscopy (SEM).  

 

Compression Tests are used in Mechanical Testing to Determine Modulus 

Drug Release: Pt (II) release at different GSH levels is measured using high performance liquid 

chromatography (HPLC).  

 

Infrared thermal imaging under NIR irradiation (808 nm) demonstrated photothermal efficiency 

[Table 1] [61-70]. 

 

Table 1. Data: Scaffold Characterization 

Parameter Value / Range Method 

Porosity 68–74% SEM Image Analysis 

Mean Pore Size 200–350 µm SEM 

Compressive Modulus 50–120 MPa Mechanical Test 

Pt Loading Efficiency 15.3 ± 1.2% HPLC 

Cumulative Pt(II) Release (10 mM GSH, 72 h) 78 ± 4% HPLC 

Photothermal Temp Increase (NIR, 5 min) +22 ± 2 °C IR Imaging 

 

RESULTS AND DISCUSSION 

In Vitro Anticancer Efficacy 

The composite scaffold exhibited GSH-triggered rapid Pt (II) release, mimicking tumor intracellular 

environments. Under NIR irradiation, significant temperature elevations were recorded, confirming 

strong photothermal capability, which enhances cytotoxic effects via hyperthermia [Table 2] [71]. 

 

Table 2. Cell Viability (MG-63 Osteosarcoma Cells): 

Treatment Group Viability (%) at 72 h 

Control 100 ± 3 

Scaffold (no drug) 92 ± 5 

Scaffold + Pt 42 ± 4 

Scaffold + Pt + NIR 18 ± 3 

 

The synergistic effect of chemotherapy and PTT significantly reduced cell viability, demonstrating 

enhanced therapeutic efficacy [72]. 

 

Immunogenic Response 

Upregulation of cGAS-STING pathway markers confirmed immunogenic cell death, suggesting not 

only direct tumor cell killing but also potential immune activation [73,74]. 

 

Osteogenic Differentiation 

BMSCs cultured on scaffolds showed increased osteogenic markers over 21 days [Table 3]. 

 

Table 3. Marker and Fold Change 

Marker Fold Change vs Control 

ALP activity 2.8 ± 0.4 

OCN expression 3.2 ± 0.5 

Mineralization (alizarin red) 1.9 ± 0.3 

 

This indicates that the scaffold supports bone regeneration, likely linked to BG’s bioactivity [75]. 
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In Vivo Findings 

Scaffolds containing PDA@Pt under NIR demonstrated improved bone growth in the critical cranial 
defect model without appreciable inflammation, as demonstrated by histology and µCT imaging. 

Recent developments in multifunctional scaffold design that combine immunotherapy, controlled drug 
delivery, and structural support are consistent with these findings [76]. The functionality of natural 

polymers in biomedical scaffolds has been strengthened by the usage of biopolymers such as collagen 
and chitosan in comparable settings for tissue restoration and medication delivery [77]. 

 

FUTURE PERSPECTIVES 

Multifunctional biopolymer scaffolds must overcome a number of obstacles before they may be used 

in therapeutic settings. First and foremost, it is crucial to optimise degradation profiles to correspond 
with healing timescales. In order to preserve mechanical stability, scaffold materials must be adjusted 

to degrade in tandem with tissue regeneration. For more accurate therapeutic release, future materials 
might incorporate smart polymers that react to several stimuli (temperature, pH, and enzymes). 

 
Second, patient-specific treatments may be transformed by the expansion of fabrication methods such 

as selective laser sintering for customised implants. Coupling with imaging data (e.g., CT scans) may 
enable patient-tailored scaffold designs. 

 
Further research is necessary to fully understand the integration of immunotherapy techniques. The 

cGAS-STING pathway's reported activation raises the possibility that systemic immune responses 
could be primed by local scaffold-mediated treatment. Investigating combination tactics with adjuvants 

or checkpoint inhibitors may increase the effectiveness of anticancer treatments. 
 

Diversification of biopolymers is another area. Additional biological cues are provided by natural 
polymers like collagen and chitosan, even though this study used a synthetic polymer blend 

(PLLA/BG). While chitosan's antibacterial and mucoadhesive qualities can lower the risk of infection, 

collagen's resemblance to the native extracellular matrix may improve cell adherence and 
differentiation. Promising are hybrid scaffolds that combine natural biological signals with synthetic 

strength.  
 

Scaffold performance could be further customised by using nanotechnology components like growth 
factors or nanoparticles. One known limiting factor in the repair of big defects is vascularization, which 

may be accelerated by embedding angiogenic agents. 
 

It is still crucial to conduct thorough clinical research on long-term safety, immunocompatibility, and 
functional results. To speed up translation, regulatory procedures for combination products—those that 

serve as both drug carriers and devices—need more precise frameworks. 
 

In conclusion, by combining structural and therapeutic properties, the multifunctional scaffold 
created here represents a step toward next-generation regenerative oncology therapeutics. In order to 

fully realise the potential of biopolymer-based therapeutic scaffolds, future research should concentrate 
on improving immune involvement, smart response, and personalised scaffold construction. 

 

CONCLUSIONS 

This study demonstrates the development of a multifunctional biopolymer-based composite scaffold 

designed for simultaneous bone regeneration and localized anticancer therapy. A three-dimensional 
porous polymeric matrix was engineered to incorporate a glutathione-responsive Pt(IV) prodrug, 

enabling controlled and stimuli-responsive drug release under tumor-specific biochemical conditions. 
Additionally, near-infrared (NIR)-responsive components were integrated into the composite system to 

facilitate photothermal therapy, thereby enhancing therapeutic efficiency. The physicochemical and 
mechanical characterization of the scaffold revealed an interconnected porous architecture, suitable 

compressive strength, and structural stability, all of which are critical for bone tissue engineering 
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applications. The polymer composite exhibited favorable degradation behavior and sustained drug 

release profiles, highlighting its potential as an advanced functional biomaterial. Biological evaluations 
indicated that the composite scaffold possesses significant cytotoxic effects against osteosarcoma cells, 

along with the ability to stimulate immune responses. Furthermore, the scaffold promoted osteogenic 
differentiation in vitro and supported new bone formation in vivo, confirming its dual functionality as 

both a regenerative and therapeutic platform. The synergistic integration of polymer-based structural 
support with controlled drug delivery and photothermal functionality represents an innovative approach 

in composite biomaterials. This work underscores the importance of tailoring polymer composition, 
microstructure, and functional additives to achieve enhanced performance in biomedical applications, 

particularly for conditions requiring concurrent tissue regeneration and cancer treatment. Overall, the 
findings highlight the potential of advanced polymer–composite scaffolds as next-generation 

multifunctional systems, combining mechanical integrity, bioactivity, and therapeutic responsiveness 

for improved clinical outcomes. [Table 4]: 
 

Table 4. Key Data Summary 

Parameter Outcome 

Pt (II) Release Efficiency High in tumor-like conditions 

Photothermal Response > +20°C under NIR 

Tumor Cell Viability Significantly reduced 

Osteogenic Differentiation Markedly enhanced 

Bone Regeneration Demonstrable in vivo 

 

Larger animal models, immunomodulatory adjuncts, and clinical translation pathways should all be 
explored in future research, with an emphasis on manufacturing and regulatory issues. Precision 

medicine and cutting-edge biomaterials can be combined to improve patient outcomes with 

multifunctional biopolymer scaffolds like the one created here, providing a viable foundation for 
integrated regenerative cancer. 
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