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Abstract 

Chemotherapy remains a cornerstone in cancer treatment; however, its systemic toxicity and limited 

therapeutic efficacy often hinder optimal outcomes. Doxorubicin, a potent chemotherapeutic agent, is 

widely used but suffers from severe side effects, including cardiotoxicity, due to its indiscriminate 

distribution throughout the body. To address these challenges, targeted drug delivery systems (DDS) 

have gained significant attention, particularly those utilizing thermo-responsive polymers. The aim of 

this study was to evaluate the potential of polymer-based thermos-responsive systems for the targeted 

delivery of doxorubicin in tumor-specific chemotherapy. Four different formulations (F1, F2, F3, and 

F4) were synthesized using a combination of poly(N-isopropylacrylamide) (PNIPAAm) and 

poly(lactic-co-glycolic acid) (PLGA). These formulations were characterized for their drug loading 

efficiency, encapsulation efficiency, and in vitro release behavior under varying temperatures. The 

results indicated that formulation F4 exhibited the highest encapsulation efficiency (88.1%) and drug 

loading (24.1%), with a temperature-responsive release profile that could be triggered at physiological 

temperatures. F4 demonstrated significant potential for improving the localized delivery of 

doxorubicin, thereby reducing systemic toxicity and enhancing its therapeutic efficacy. In conclusion, 

thermo-responsive polymer systems, especially formulation F4, offer a promising approach to 

overcoming the limitations of conventional chemotherapy. The ability to control drug release through 

external stimuli opens up new avenues for safer and more effective cancer treatments.  
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Introduction 

Cancer remains one of the leading causes of morbidity and mortality worldwide, characterized by 

uncontrolled cellular proliferation and the potential to invade distant organs. Despite considerable 

advances in understanding tumor biology, chemotherapy continues to be a cornerstone in cancer 

treatment [1]. However, conventional chemotherapy is fraught with challenges such as systemic 

toxicity, development of multidrug resistance, and lack of tumor specificity. These drawbacks 

significantly limit therapeutic efficacy and impair patients' quality of life. Chemotherapeutic drugs 

cannot often distinguish between malignant and healthy cells, leading to widespread damage to rapidly 

dividing normal tissues such as the gastrointestinal tract, bone marrow, and hair follicles. Moreover, the 

need for repeated administration of high drug doses contributes to cumulative toxicity, organ 

dysfunction, and sometimes irreversible damage. As cancer therapy moves toward personalized and 

targeted approaches, the inadequacies of conventional chemotherapy necessitate the development of 

more intelligent and efficient drug delivery strategies. 

Doxorubicin (DOX), an anthracycline antibiotic, is one of the most widely used chemotherapeutic 

agents in treating a variety of cancers including breast cancer, leukemia, and lymphomas. Its 

mechanism of action involves intercalation into DNA, inhibition of topoisomerase II, and the 

generation of reactive oxygen species (ROS), collectively leading to apoptosis of cancer cells. 

While DOX is highly effective, its clinical use is limited by dose-dependent toxicities, particularly 

cardiotoxicity, which can progress to congestive heart failure. The heart, due to its limited antioxidant 

capacity, becomes especially vulnerable to ROS generated during DOX metabolism. In addition to 

cardiotoxicity, DOX is associated with other adverse effects such as myelosuppression, mucositis, 

alopecia, and hepatotoxicity. Furthermore, the emergence of multidrug resistance (MDR), primarily 

through the overexpression of efflux transporters like P-glycoprotein, significantly reduces the 

intracellular concentration of DOX, undermining its therapeutic efficacy. These challenges underscore 

the urgent need for alternative delivery methods that enhance drug accumulation in tumors while 

minimizing systemic exposure. 

To overcome the limitations of traditional chemotherapy, research has increasingly focused on the 

design of smart drug delivery systems (SDDSs) that respond to specific biological or external stimuli 

to release the therapeutic agent in a controlled and targeted manner. Such systems aim to maximize 

drug concentration at the tumor site while sparing normal tissues, thereby improving the therapeutic 

index of anticancer agents. Smart drug delivery platforms are often engineered to respond to various 

stimuli including pH, enzymes, redox conditions, and temperature conditions that are typically altered 

in the tumor microenvironment. Among these, thermo-responsive systems have gained significant 

attention due to their relatively straightforward design and external controllability. These systems can 

be activated by localized hyperthermia (e.g., through infrared or magnetic heating), which is often 

used in cancer treatment as an adjuvant therapy to improve perfusion and oxygenation of tumor 

tissues. 
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Need for Comparative Evaluation 

Lack of standardized comparative studies: Most studies focus on a single polymer system in 

isolation. Few directly compare multiple thermo-responsive systems under identical experimental 

conditions for parameters such as encapsulation efficiency, release kinetics, cytotoxicity, and thermal 

responsiveness. 

Insufficient understanding of structure-function relationships: The influence of polymer 

architecture, crosslinking density, and surface modification on drug release and biocompatibility is not 

fully understood. 

Limited translational insight: While many formulations demonstrate promise in vitro, in vivo 

behavior including biodistribution, toxicity, and clearance remain poorly explored. 

 

Formulation and Preparation 

Synthesis of Thermoresponsive Polymers 

 PNIPAM Hydrogels were synthesized via free-radical polymerization using NIPAM, BIS (cross-

linker), and APS (initiator) under nitrogen at 25°C for 2 hours. Unreacted monomers were removed 

by dialysis, and the resulting hydrogels were lyophilized for further use. 

 Pluronic F127 Micelles were formed via the cold method: F127 was dissolved in PBS (4°C, 

overnight), followed by spontaneous micelle formation at 37°C and purification via centrifugation. 

Encapsulation of Doxorubicin 

PNIPAM Hydrogels: DOX was dissolved in PBS, mixed with the hydrogel at 4°C, and incubated at 

37°C for gelation and entrapment. Excess drug was removed by washing and lyophilization. 

Pluronic F127 Micelles: DOX was added dropwise to the micellar solution, stirred at 4°C for 3 hours, 

and stabilized at 37°C. The free drug was removed via dialysis (MWCO 3.5 kDa, 12 hours). 

Encapsulation Efficiency (EE) and Drug Loading (DL) were calculated as: 

 

Assesment of Formulations 

Characterization included particle size, polydispersity index, zeta potential (via DLS), morphology (via 

SEM), and structural integrity (via FTIR and NMR). Thermal behavior and gelation properties were 

examined using DSC and visual observation.In Vitro Drug Release Studies 

Drug release was assessed under physiological (37°C) and hyperthermic (42°C) conditions using 

dialysis bag diffusion method in PBS (pH 7.4 and 6.5). Cumulative release was quantified using HPLC 

and analyzed via multiple kinetic models (Zero-order, First-order, Higuchi, Korsmeyer–Peppas) to 

determine release mechanisms. 

Stability Studies : Formulations were stored under both accelerated and long-term conditions. At 

defined intervals, samples were analyzed for physical appearance, particle size, drug content, and 

thermal stability. Stability was inferred based on ICH guidelines. 

 

http://www.ijnrd.org/


                     © 2025 IJNRD | Volume 10, Issue 5 May 2025 | ISSN: 2456-4184 | IJNRD.ORG 

IJNRD2505197 International Journal of Novel Research and Development (www.ijnrd.org)  
 

c23 

Cytotoxicity and Biocompatibility 

1  Hemocompatibility Testing 

Hemocompatibility of the formulations was assessed using fresh human blood obtained with informed 

consent, following institutional ethical guidelines. Red blood cells (RBCs) were isolated by 

centrifugation and incubated with test formulations for 1 hour at 37°C. Following incubation, samples 

were centrifuged, and the supernatant was analyzed for hemoglobin release using a UV-Vis 

spectrophotometer at 540 nm. 

Hemolysis (%) was calculated using the following equation: 

 

 Negative control: PBS (baseline hemolysis) 

 Positive control: 1% Triton X-100 (100% hemolysis) 

A hemolysis value of less than 5% was considered indicative of acceptable hemocompatibility 

according to ASTM F756-17 standards. 

2. Statistical Analysis 

All experiments were conducted in triplicate. Data were expressed as mean ± standard deviation (SD). 

Statistical comparisons were performed using one-way ANOVA followed by Tukey’s post-hoc test. A 

p-value < 0.05 was considered statistically significant. GraphPad Prism 9.0 software was used for data 

analysis and graph generation. 

Results 

The results of the study on the development and evaluation of polymer-based thermoresponsive 

systems for enhanced doxorubicin delivery are presented below, with a focus on key aspects such as 

encapsulation efficiency, drug loading, characterization of the polymeric formulations, temperature-

triggered release profiles, and comparative cytotoxicity data. 

 

Graph 1: In Vitro Drug Release Profiles of Doxorubicin from Polymeric Formulations and Free  
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Advantages and Limitations of Each System 

The four formulations tested in this study each have their own advantages and limitations: 

 F1 (Lower polymer concentration) demonstrated moderate encapsulation efficiency (72.4%) 

and drug loading (15.6%), which may be beneficial for applications requiring lower drug doses. 

However, its lower thermosensitivity means that it might not be as effective in releasing the 

drug under hyperthermic conditions, potentially limiting its use in targeted therapies. 

 F2 (Moderate polymer concentration) showed improved encapsulation efficiency (78.6%) and 

drug loading (18.9%) compared to F1, and it exhibited better thermoresponsive behavior. This 

formulation may be suitable for general chemotherapy applications but might still fall short for 

highly sensitive tumor environments where a more controlled release is required. 

 F3 and F4 (Higher polymer concentrations) exhibited the best thermoresponsive behavior, high 

encapsulation efficiency, and drug loading, making them the most promising candidates for 

tumor-targeted therapies. However, the increased polymer concentration could potentially affect 

the release rate, leading to slower drug delivery in some cases. These formulations are more 

likely to experience increased viscosity at higher polymer concentrations, which could affect the 

injection properties and ease of administration. 

Implications for Future Cancer Treatment 

Polymer-based thermos-responsive drug delivery systems offer a promising approach for improving the 

specificity and efficacy of cancer treatments. The ability to deliver drugs in response to localized 

hyperthermic conditions means that these systems can minimize the systemic side effects of 

chemotherapy, which is a significant challenge in current cancer treatments. The high encapsulation 

efficiency and controlled release kinetics observed in this study make these formulations suitable 

candidates for clinical translation. 

In the future, the integration of other targeting strategies, such as ligand-based targeting (using 

antibodies or peptides specific to tumor antigens), could further enhance the specificity of these 

systems. Additionally, combining thermoresponsive polymers with other forms of therapy, such as 

photothermal therapy or gene therapy, could result in even more effective multimodal cancer 

treatments. 

However, challenges remain in optimizing the formulations for large-scale production and ensuring the 

stability of these systems under physiological conditions. The regulatory pathway for polymer-based 

drug delivery systems also requires careful consideration of their long-term biocompatibility, toxicity, 

and efficacy in clinical settings. 

CONCLUSION 

The comparative study of polymer-based thermos-responsive systems for enhanced doxorubicin 

delivery in tumor-specific chemotherapy has revealed promising results that offer potential for 

significant advancements in cancer treatment. The major findings of this study highlight the 

effectiveness of various thermoresponsive polymers in enhancing drug delivery while reducing the side 
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effects commonly associated with conventional chemotherapy treatments. Specifically, the 

encapsulation efficiency and drug loading capacities of the formulations studied—F1, F2, F3, and F4—

showed substantial differences, with F4 emerging as the most effective formulation, boasting the 

highest encapsulation efficiency (88.1%) and drug loading percentage (24.1%). This formulation 

demonstrated a significant potential for improving the therapeutic index of doxorubicin by ensuring its 

controlled and sustained release, thereby potentially reducing systemic toxicity and enhancing the 

localized concentration at the tumor site. 

Among the polymeric systems tested, F4, composed of a blend of poly(N-isopropylacrylamide) 

(PNIPAAm) and poly(lactic-co-glycolic acid) (PLGA), was found to be the most effective due to its 

favorable properties such as higher drug loading, superior encapsulation efficiency, and controlled 

thermoresponsive behavior. The thermoresponsive nature of F4 allows it to undergo a phase transition 

at physiological temperatures, thus enabling the targeted release of doxorubicin in the tumor 

microenvironment. This makes F4 the most promising candidate for further clinical translation. 

The potential for clinical translation of these thermos-responsive polymer systems lies in their ability to 

provide site-specific drug delivery with minimal systemic side effects. By using localized heat or 

external stimuli to trigger drug release, these systems can significantly improve the efficacy and safety 

profile of doxorubicin-based chemotherapy. 

For future directions, in vivo studies are essential to evaluate the long-term stability, biocompatibility, 

and therapeutic efficacy of the most promising formulation, F4. These studies should include tumor-

bearing animal models to assess the ability of the thermoresponsive system to target and treat tumors 

effectively. Additionally, clinical trials focusing on the pharmacokinetics and biodistribution of F4, 

along with its potential immunological effects, will be critical in understanding its full potential for 

human application. Further optimization of the polymer composition and system design will be needed 

to refine the delivery system for broader therapeutic applications in cancer treatment. 
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