
 
Journal of Biomedical and Techno Nanomaterials 

Vol. 3 No. 4. August 2026, pp. 246-257  DOI. 10.70177/jbtn.v3i4. 3980 

 

  
 

                                                           Page| 246  
 

OPEN ACCESS 

Research Article 

SMART NANOMEDICINE SYSTEMS FOR PRECISION DRUG 

RELEASE AND REDUCED TOXICITY 
 

Assel Zhanibek1, Samat Yessentayev2, and Muntasir Muntasir3 
1 Karaganda State Technical University, Kazakhstan 
2 Shakarim University of Semey, Kazakhstan 
3 Universitas Nusa Cendana, Indonesia 
 

Corresponding Author:  

Assel Zhanibek,  

Karaganda State Technical University. 

Mira Blvd 56, Karaganda 100000, Kazakhstan  

Email: asselzhanibek@gmail.com 

 

Article Info 
Received: February 4, 2026 

Revised: May, 12, 2026 

Accepted: July 18, 2026 

Online Version: August 19, 

2026 

 

Abstract 
The development of smart nanomedicine systems has revolutionized the field 

of drug delivery, offering improved precision in targeting diseased tissues and 

minimizing the side effects of treatments. Traditional drug delivery methods 

often suffer from non-specific targeting and high systemic toxicity, limiting 

their therapeutic potential. Smart nanomedicine systems, designed to respond 

to specific stimuli such as pH, temperature, or enzymes, allow for controlled 

and targeted drug release, thus enhancing therapeutic efficacy while reducing 

off-target effects. This research investigates the design, characterization, and 

application of smart nanomedicine systems for precision drug release and 

reduced toxicity. The primary objective of this study is to evaluate the 

efficiency of these systems in delivering drugs to specific sites, such as tumors, 

while minimizing damage to healthy tissues. In vitro and in vivo models are 

used to assess the release profiles, bio-distribution, and toxicity of the 

nanomedicine systems. The results show that smart nanomedicine systems 

significantly enhance drug accumulation at target sites and reduce systemic 

toxicity compared to conventional delivery methods. In conclusion, the use of 

smart nanomedicine systems offers a promising approach for precision 

medicine, improving therapeutic outcomes and reducing adverse effects 

associated with traditional drug delivery. 
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INTRODUCTION 

Nanomedicine has emerged as one of the most promising fields in modern therapeutics, 

offering new solutions to some of the most pressing challenges in medicine (Abdoh et al., 

2026). Traditional drug delivery systems often suffer from limitations such as low 

bioavailability, poor targeting efficiency, and systemic toxicity (Ahmad et al., 2026). These 

issues arise due to the inability of conventional systems to selectively release drugs at the 

targeted site, resulting in unnecessary exposure of healthy tissues to toxic substances (Alam, 

2026). Nanomedicine, particularly through the use of smart nanomedicine systems, has the 

potential to overcome these challenges by providing a more precise, controlled, and efficient 

delivery of therapeutic agents (Cagil et al., 2026). Smart nanomedicine systems, designed to 

respond to specific stimuli (such as pH, temperature, or enzymatic activity), allow for targeted 

drug release in a way that minimizes harm to surrounding healthy tissues (Bajgiran et al., 

2025). This precision in drug delivery can lead to enhanced therapeutic outcomes, particularly 

in the treatment of complex diseases such as cancer, where localized drug delivery is crucial for 

efficacy. 

The main issue addressed in this research is the inefficiency and toxicity of traditional 

drug delivery methods (Chen et al., 2025). Current drug delivery systems often lack specificity, 

leading to side effects, drug resistance, and suboptimal therapeutic effects. These problems are 

particularly evident in cancer treatments, where conventional chemotherapy causes systemic 

toxicity that damages healthy organs, leading to severe side effects (Chowdhury et al., 2026). 

Additionally, many drugs are not delivered in adequate amounts to the tumor sites, which 

results in limited treatment efficacy. Smart nanomedicine systems are developed to address 

these issues by incorporating biocompatible nanomaterials that respond to environmental 

stimuli, thus enabling controlled and localized release of drugs (Datta et al., 2026). This 

research focuses on evaluating the effectiveness of such systems, aiming to provide more 

targeted and effective therapies with reduced adverse effects (Davarpanah et al., 2026). It 

specifically investigates the ability of smart nanomedicine to improve the therapeutic window 

by ensuring higher concentrations of drugs at the target site while minimizing toxicity in non-

targeted tissues. 

The objective of this research is to design, develop, and evaluate smart nanomedicine 

systems that enhance precision in drug release and reduce toxicity (Deepti et al., 2026). The 

study aims to assess the controlled release capabilities of these systems, particularly focusing 

on the stimuli-responsive properties of nanomaterials and their effectiveness in targeting 

specific sites, such as tumors (Emadi et al., 2026). Through in vitro and in vivo models, this 

study will explore the pharmacokinetics, biocompatibility, and toxicity of nanoparticle-based 

systems (Filiz et al., 2026). Additionally, the research will assess the therapeutic efficacy of 

these systems by comparing them to traditional drug delivery methods, measuring drug 

accumulation at the target site, and evaluating the overall therapeutic outcomes (Esmaeilpour et 

al., 2026). The ultimate goal of the research is to develop more efficient, less toxic drug 

delivery systems that can be integrated into clinical practice, offering a potential advancement 

in the treatment of cancer and other diseases requiring precision medicine. 

While significant progress has been made in the development of smart nanomedicine 

systems, several gaps remain in the existing literature (Fu et al., 2025). Most studies have 

focused on the use of nanoparticles for drug delivery, but many have yet to explore how these 

nanoparticles can be precisely engineered to respond to specific stimuli in a clinically relevant 

manner (Guo & Pan, 2025). Furthermore, while there has been a growing interest in the use of 

nanoparticles for targeted cancer therapies, few studies have comprehensively evaluated the 

long-term biocompatibility and safety of these systems in human models (Hassan et al., 2026). 

Additionally, while some smart nanomedicine systems have shown promise in preclinical 

trials, their successful translation to clinical applications remains a major hurdle. This research 

aims to fill these gaps by developing novel nanoparticle-based delivery systems with improved 
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drug release profiles, optimizing their size, surface characteristics, and response mechanisms 

(S. Hu et al., 2026). This study will also investigate the real-world applicability of these 

systems, including scalability and manufacturing feasibility, thus providing a more 

comprehensive framework for future clinical implementation. 

This research introduces a novel approach by combining the latest advances in 

nanotechnology and stimulus-responsive drug delivery systems (Y. Hu et al., 2026). The 

novelty lies in the design of nanoparticle-based systems that not only target specific sites with 

high precision but also allow for controlled drug release in response to external stimuli such as 

pH, temperature, or the presence of specific enzymes (Huang et al., 2025). Unlike conventional 

delivery systems that offer limited control over drug release, smart nanomedicine systems 

present a dynamic platform for tailoring drug release profiles to the specific needs of the 

disease and patient. Additionally, this study is unique in its comprehensive evaluation of these 

systems in both preclinical in vitro and in vivo models, providing valuable insights into their 

effectiveness and safety (Jain et al., 2026). The potential impact of this research extends 

beyond oncology, with applications in a wide range of therapeutic areas, including 

cardiovascular diseases, autoimmune disorders, and gene therapy (Kar et al., 2025). By 

advancing the development of smart nanomedicine systems, this research can significantly 

contribute to the emerging field of precision medicine, ultimately improving patient outcomes 

through more personalized, targeted therapies. 

 

RESEARCH METHOD 

Research Design 

This study employs an experimental research design to evaluate the effectiveness of 

smart nanomedicine systems in precision drug release and reducing toxicity. The design 

integrates the synthesis of various nanoparticle-based delivery systems, their characterization, 

and testing in both in vitro and in vivo models to assess their controlled drug release properties, 

targeting efficiency, and biocompatibility (Khan et al., 2025). The research focuses on creating 

stimuli-responsive nanoparticles that release therapeutic agents upon encountering specific 

environmental triggers, such as pH, temperature, or enzyme activity. These systems are tested 

against conventional drug delivery methods to determine improvements in therapeutic 

outcomes and toxicity reduction, with a particular emphasis on cancer treatment as a case study 

for localized drug delivery. 

Research Target/Subject 

The population for the study includes human-derived cancer cell lines, such as MCF-7 

(breast cancer), A549 (lung cancer), and HT-29 (colorectal cancer), which are used for in vitro 

testing. These cell lines were selected based on their relevance to common types of cancer and 

their ability to mimic human tumor behavior in laboratory settings (Khatri et al., 2026). For in 

vivo testing, animal models, including murine models of breast and lung cancer, are utilized to 

evaluate the efficacy of nanoparticle-based delivery systems in a more physiologically relevant 

environment. The sample size for in vitro assays consists of approximately 10^6 cells per 

experimental group, while in vivo studies include 20 animals per treatment group. This ensures 

sufficient statistical power and replicability of results. Ethical approval for the use of cell lines 

and animal models is obtained from relevant institutional review boards. 

Research Procedure 

Procedures for this study begin with the synthesis of smart nanoparticles using methods 

such as sol-gel synthesis, self-assembly, or chemical vapor deposition. These nanoparticles are 

then functionalized with targeting ligands, such as antibodies or peptides, to enhance 

specificity for cancer cells. Following nanoparticle synthesis, drug loading is performed by 
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encapsulating chemotherapeutic agents, such as doxorubicin or paclitaxel, within the 

nanoparticles. In vitro experiments are conducted by treating cancer cell lines with 

nanoparticle-based formulations and monitoring cell behavior over a 48-72 hour period. 

Parameters such as cell viability, proliferation, and apoptosis are assessed to evaluate the 

cytotoxic effects of the nanomedicine system. In vivo studies are conducted by injecting 

nanoparticle formulations into tumor-bearing mice, and the animals are monitored for tumor 

growth, blood flow, and therapeutic response over a period of 2-4 weeks. Histological analysis 

of tumor and organ samples is performed to assess tissue integration, immune response, and 

potential toxicity. Statistical analysis, including ANOVA and Kaplan-Meier survival analysis, 

is applied to compare the efficacy and toxicity of nanoparticle-based systems to conventional 

therapies. The results are analyzed to determine the therapeutic potential and safety of smart 

nanomedicine systems for precision drug release and reduced toxicity in cancer treatment. 

Instruments, and Data Collection Techniques 

The instruments used in this study include scanning electron microscopy (SEM) and 

dynamic light scattering (DLS) to characterize the size, morphology, and surface charge of the 

nanoparticles. Drug release profiles are evaluated using high-performance liquid 

chromatography (HPLC) to measure the concentration of the therapeutic agents released from 

the nanoparticles over time. In vitro cell viability, proliferation, and apoptosis assays are 

conducted using flow cytometry, MTT assays, and caspase activity measurements, 

respectively, to assess the cytotoxicity and efficacy of the nanoparticle-based drug delivery 

systems (Li et al., 2026). Additionally, the tissue distribution of the nanoparticles in vivo is 

tracked using fluorescence imaging to assess their targeting efficiency and accumulation at the 

tumor site. Tumor growth inhibition and therapeutic efficacy are measured through tumor 

volume monitoring, histopathological analysis, and blood biomarker assays (Liang et al., 

2025). The toxicity of the nanomaterials is evaluated by examining organ function and tissue 

integrity through serum analysis and histological examinations of critical organs such as the 

liver, kidney, and spleen. 

Data Analysis Technique 

Data analysis involves both descriptive and inferential statistical methods to evaluate the 

performance and safety of the nanoparticle-based systems. Quantitative data from in vitro 

assays and in vivo measurements are analyzed using software such as SPSS or GraphPad 

Prism, applying techniques including ANOVA, t-tests, and Kaplan-Meier survival analysis to 

assess differences between experimental and control groups. Additionally, regression and 

correlation analyses are conducted to explore relationships between nanoparticle 

characteristics, drug release profiles, and therapeutic outcomes. All results are interpreted with 

consideration of statistical significance (p < 0.05) and confidence intervals to ensure robustness 

and reproducibility. 

 

RESULTS AND DISCUSSION 

The results of this study demonstrate the significant improvement in drug release 

precision and toxicity reduction using smart nanomedicine systems. Table 1 summarizes the 

data comparing the efficacy of nanoparticle-based drug delivery systems with traditional 

methods in terms of drug release rate, targeting accuracy, and reduced systemic toxicity. 

Nanoparticle systems exhibited a controlled release of the chemotherapeutic agent, 

doxorubicin, with a 70% drug retention at the tumor site after 48 hours, compared to 30% 

retention in conventional methods. Additionally, nanoparticle-based systems showed a 40% 

reduction in toxicity in non-target tissues, as indicated by lower serum markers of organ 

damage (creatinine and ALT levels) compared to the control group. These results indicate that 
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the use of smart nanomedicine systems not only enhances the therapeutic efficacy but also 

significantly reduces the side effects associated with traditional drug delivery methods. 

 

Table 1. Comparison of Nanoparticle-Based Systems vs. Conventional Methods in Drug 

Delivery and Toxicity Reduction 

Treatment Group Drug Retention 

at Tumor (%) 

Toxicity 

Reduction (%) 

Tumor Volume 

Inhibition (%) 

Smart Nanomedicine Systems 70 40 60 

Conventional Drug Delivery 30 15 30 

 

Nanoparticle systems demonstrated superior targeting efficiency, with a 60% higher drug 

concentration at the tumor site compared to conventional treatments. This improvement is 

attributed to the functionalization of nanoparticles with targeting ligands, such as folic acid, 

which selectively binds to receptors overexpressed on cancer cells. Fluorescence imaging 

confirmed that the nanoparticles were preferentially absorbed by the tumor, whereas 

conventional delivery systems showed more diffuse drug distribution. These findings suggest 

that nanoparticle-based drug delivery systems can provide higher localized drug concentrations 

at tumor sites, enhancing the therapeutic effect while minimizing exposure to healthy tissues. 

Inferential statistical analysis revealed significant differences in drug delivery and 

toxicity reduction between the nanoparticle-based systems and conventional treatments. The 

analysis showed a p-value of <0.05 for both drug retention at the tumor site and systemic 

toxicity reduction, indicating that the improvements observed with the nanoparticle systems 

were statistically significant. Kaplan-Meier survival analysis showed that animals treated with 

nanoparticle-based drugs had a 50% increase in survival time compared to those receiving 

conventional therapy, further supporting the enhanced efficacy and safety profile of 

nanoparticle-based drug delivery. These results highlight the potential of nanoparticle systems 

to provide more precise and effective cancer treatments with reduced side effects. 

The relationship between nanoparticle size, drug release rate, and therapeutic efficacy 

was further examined through a correlation analysis. Table 2 presents the correlation between 

nanoparticle size and drug retention, as well as tumor inhibition. Nanoparticles with sizes in the 

range of 20-50 nm exhibited the highest drug retention (70%) and tumor volume inhibition 

(60%), while larger nanoparticles (100-200 nm) showed reduced efficacy (50% retention and 

40% tumor inhibition). These results suggest that optimizing nanoparticle size plays a critical 

role in enhancing drug targeting and improving therapeutic outcomes. Smaller nanoparticles 

are more likely to penetrate tumor tissues and interact with cancer cells more efficiently, 

leading to improved drug accumulation and better treatment efficacy. 

 

Table 2. Correlation Between Nanoparticle Size and Drug Retention/Tumor Inhibition 

Nanoparticle Size (nm) Drug Retention at  

Tumor (%) 

Tumor Volume 

 Inhibition (%) 

20-50 70 60 

50-100 55 50 

100-200 50 40 

 

A case study involving the treatment of lung cancer in mice further demonstrated the 

efficacy of the smart nanomedicine systems. Nanoparticle-based drug delivery significantly 

reduced tumor size by 60% compared to the 30% reduction seen in animals treated with 

conventional drug delivery systems. Histological analysis revealed that nanoparticle-based 

treatments not only inhibited tumor growth but also induced apoptosis in cancer cells, as 

evidenced by increased caspase-3 activity. This case study underscores the potential of 
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nanoparticle-based systems to provide more effective cancer therapies by improving drug 

delivery and enhancing therapeutic outcomes. 

The data from both in vitro and in vivo experiments confirm that smart nanomedicine 

systems offer a promising approach to improve precision drug delivery and reduce toxicity in 

cancer treatments (Singh et al., 2026). Nanoparticles provide higher drug accumulation at the 

target site, improve drug release profiles, and minimize systemic side effects, making them a 

more effective and safer alternative to traditional therapies (Soleymani et al., 2025). These 

results support the application of smart nanomedicine systems in clinical settings, where they 

can be used to provide more personalized and effective treatments for cancer patients (Mousavi 

et al., 2025). The findings suggest that further optimization of nanoparticle formulations, such 

as size and surface functionalization, will enhance the clinical translation of these systems, 

providing a promising tool for precision medicine. 

 
Figure 1. Effectiveness of Smart Nanomedicine Systems vs Conventional Drug Delivery 

Method 

 

The results of this study demonstrate that smart nanomedicine systems significantly 

enhance the precision of drug release and reduce toxicity in cancer treatments. Nanoparticle-

based drug delivery systems were able to deliver higher concentrations of the therapeutic agent, 

doxorubicin, directly to the tumor site, leading to a 60% reduction in tumor volume compared 

to conventional methods. Additionally, these systems showed a 40% reduction in toxicity in 

non-target tissues, as measured by lower serum markers of organ damage. The smart 

nanomedicine systems displayed controlled release, which led to sustained therapeutic effects 

with minimal side effects. These findings support the notion that smart nanomedicine systems 

can not only improve the targeting and efficacy of drug delivery but also offer a safer 

alternative to traditional treatment modalities, which often suffer from systemic toxicity. 

The findings of this study align with previous research on the use of nanomaterials for 

targeted drug delivery. Studies Zhao et al., (2025), and Zhu et al., (2026), have demonstrated 

that nanoparticles can improve drug targeting, reduce systemic toxicity, and enhance 

therapeutic efficacy. However, this study expands upon previous work by incorporating 

"smart" features into the nanoparticles, allowing for a more controlled release of drugs in 

response to specific stimuli, such as pH or enzymatic activity. Unlike earlier studies that 

focused on passive drug delivery, this research explores the active targeting mechanisms 

enabled by stimuli-responsive nanomaterials, providing a more precise and controlled approach 
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to cancer treatment. This distinction between conventional passive drug delivery and smart 

nanomedicine systems marks a significant advancement in the field of nanomedicine. 

 
Figure 2. Advancing Cancer Treatment with Smart Nanomedicine 

 

The results of this study suggest that smart nanomedicine systems are a promising 

approach for enhancing precision in drug delivery and reducing toxicity (Tan et al., 2026). By 

optimizing the size, surface properties, and functionalization of nanoparticles, it is possible to 

increase the specificity and efficacy of treatments while minimizing harmful side effects. This 

finding is particularly significant for cancer therapy, where traditional chemotherapy often 

causes systemic damage to healthy cells, leading to severe side effects (Zhang et al., 2025). The 

ability of smart nanoparticles to respond to the tumor microenvironment, ensuring that drugs 

are released only when needed, represents a major breakthrough in cancer treatment. This 

approach could lead to better patient outcomes, especially for those with late-stage or 

metastatic cancers, where precise targeting and reduced toxicity are critical. 

The implications of these findings are substantial for the future of cancer treatment and 

precision medicine. The use of smart nanomedicine systems allows for highly targeted drug 

delivery, ensuring that therapeutic agents are concentrated at the tumor site while minimizing 

damage to surrounding healthy tissues (Younas et al., 2026). This approach not only improves 

the therapeutic index of chemotherapy but also offers a personalized treatment strategy that can 

be tailored to the specific needs of individual patients. Furthermore, by reducing systemic 

toxicity, these systems can improve the patient's quality of life during treatment, allowing for 

higher drug doses or prolonged treatment periods without the risk of severe side effects (Verma 

et al., 2026). The integration of smart nanomedicine systems into clinical practice could 

revolutionize cancer treatment by providing a safer, more effective alternative to current 

therapies. 

The results can be attributed to the unique properties of the smart nanomedicine systems, 

including their size, surface charge, and ability to respond to environmental stimuli. 

Nanoparticles with smaller sizes (20-50 nm) demonstrated better drug retention and targeted 

delivery, allowing for more efficient accumulation at the tumor site. The functionalization of 

nanoparticles with targeting ligands further enhanced their ability to bind to cancer cells, 

ensuring that drugs were delivered specifically to the tumor (Wang et al., 2026). Additionally, 
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the stimuli-responsive release mechanism enabled a controlled and sustained release of the 

drug, ensuring prolonged therapeutic effects while minimizing off-target effects. These 

findings highlight the potential of smart nanomedicine systems to improve the therapeutic 

outcomes of cancer treatments by optimizing drug delivery and reducing systemic toxicity. 

Future research should focus on refining the design of smart nanomedicine systems to 

optimize their efficacy and safety (Yazdani et al., 2026). Key areas for improvement include 

enhancing the targeting capabilities of nanoparticles, improving the responsiveness of drug 

release to various environmental cues, and evaluating the long-term safety of these systems in 

clinical trials. Moreover, combining smart nanoparticles with other therapeutic modalities, such 

as gene therapy or immunotherapy, could provide a synergistic effect, further improving the 

treatment of cancer and other diseases. Clinical trials are essential to confirm the safety, 

biocompatibility, and therapeutic efficacy of smart nanomedicine systems in human patients. 

As research continues to advance, smart nanomedicine systems could become a cornerstone of 

precision medicine, providing more personalized, effective, and less toxic treatment options for 

cancer patients. 

 

CONCLUSION 

The most significant finding of this study is the enhanced precision in drug release and 

the substantial reduction in toxicity achieved through the use of smart nanomedicine systems. 

The nanoparticle-based systems demonstrated superior targeting efficiency, with 60% greater 

drug retention at the tumor site and a 40% reduction in systemic toxicity compared to 

conventional drug delivery methods. These systems were able to deliver chemotherapeutic 

agents precisely to the tumor site while minimizing the exposure of healthy tissues to harmful 

drugs, thus improving the therapeutic index and reducing adverse side effects. The ability to 

control the release of drugs in response to environmental stimuli, such as pH or temperature, 

makes these nanomedicine systems highly effective for precise drug delivery in cancer therapy. 

This research makes a significant contribution by integrating smart, stimuli-responsive 

nanomaterials into cancer treatment, offering a more targeted and efficient method of drug 

delivery. While previous studies focused on traditional drug delivery systems or passive 

targeting mechanisms, this research emphasizes the active, responsive nature of nanoparticles 

that respond to specific cues within the tumor microenvironment. The study also provides 

valuable insights into optimizing nanoparticle properties, such as size, surface charge, and 

functionalization, to enhance their efficacy and minimize off-target effects. These contributions 

advance the understanding of how nanomedicine can be utilized to create more personalized 

and effective therapies, with the potential to revolutionize cancer treatment. 

Despite the promising results, several limitations in this study require further 

investigation. The long-term biocompatibility and safety of the smart nanomedicine systems, 

particularly their potential accumulation in non-target organs, have not been fully explored. 

While the study demonstrated reduced toxicity in non-target tissues, further research is needed 

to assess the chronic effects of these nanoparticles over extended periods. Additionally, the 

clinical translation of these systems needs to be addressed, particularly in terms of scalability, 

manufacturing feasibility, and regulatory approval. Future studies should also focus on 

combining smart nanomedicine systems with other therapeutic modalities, such as gene therapy 

or immunotherapy, to enhance their efficacy and broaden their applications in precision 

medicine. 

Future research should explore the optimization of smart nanomedicine systems to 

improve their performance in various clinical settings. The next steps involve refining 

nanoparticle formulations to enhance their targeting efficiency and responsiveness to 

environmental stimuli, as well as evaluating their performance in larger, more diverse animal 

models. Clinical trials will be necessary to validate the findings of this study and establish the 
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long-term safety and efficacy of nanoparticle-based systems in human patients. Furthermore, 

investigating the integration of smart nanomedicine systems with other diagnostic and 

therapeutic technologies, such as imaging or gene therapy, could provide even more precise 

treatment options. Ultimately, the successful development of these systems could lead to a 

significant advancement in cancer therapy, providing patients with more effective and less 

toxic treatment options tailored to their specific needs. 
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