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Abstract - This study reviews innovations in polymer science for enhanced pharmaceutical delivery systems. The study focuses 

on significant advancements in the synthesis and design of polymers, examining their potential to improve the effectiveness of 

therapeutic treatments. It also discusses future possibilities and obstacles through a thorough analysis of existing research. This 

analysis has demonstrated that notable advancements in the process of creating and structuring polymers have resulted in the 

creation of intelligent and reactive polymers. In addition, the incorporation of nanotechnology into polymeric carriers has 

enhanced drug solubility, enabled targeted distribution, and facilitated controlled release mechanisms. Furthermore, both 

passive and aggressive targeting techniques demonstrate improved therapeutic effectiveness. Moreover, sophisticated polymers 

show promise in surmounting physiological obstacles, including the blood-brain barrier and mucus layers. Controlled release 

technologies, such as pH-responsive, temperature-sensitive, and biodegradable systems, enhance medication administration. 

Additionally, mixed treatments and theragnostic based on polymers in new sectors show potential for personalized medicine. 

Therefore, it is advisable that future research should prioritize the development of multifunctional polymer systems that integrate 

therapeutic and diagnostic capabilities. Furthermore, it is imperative to do further research on how to overcome biological 

obstacles and enhance the long-term durability of polymer-drug formulations in order to advance the area. 

Keywords - Advancement, Drug Release, Nanotechnology, Medicine.  

1. Introduction 
Polymers have had a substantial impact on the 

development of medicine, being used from ancient times by 

various civilizations [1]. As a result, pharmaceutical drug 

delivery technologies have transformed by improving the 

effectiveness of therapy and patient satisfaction owing to the 

account that they address healthcare challenges around major 

medical domains [2]. 

 

Treatment of patients has been made more effective by 

the latest advances in chemical research, such as extended-

release formulations, surface modifications of drug careers 

and delivery methods based on biotechnology [3]. 

Nevertheless, despite these noteworthy advancements, a 

number of pressing issues with medication delivery still exist, 

indicating glaring research gaps that require attention. 

 

The main issue with conventional drug delivery 

techniques is their inability to target specific certain body 

regions, enhance bioavailability, and adequately manage drug 

release systems. This frequently leads to worsening side 

effects, inadequate patient compliance, and less-than-ideal 

treatment results. Based on the qualities they possess, such as 

their adaptable and adjustable features, polymers have become 

a viable answer to these problems. Molecular engineering of 

polymers has created new opportunities for the development 

of intelligent, adaptable, and extremely effective drug delivery 

systems. 

 

The need to address enduring issues such as low drug 

solubility, quick clearance, and off-target effects has led to a 

rise in research on polymer-based drug delivery systems in 

recent years [4]. Although these systems can cross biological 

barriers, react to physiological stimuli, and release therapeutic 

substances under controlled conditions [5], significant 

research gaps remain, such as 1) synthesizing stimuli-

responsive polymers which respond faster and with greater 

sensitivity to biological cues [6], 2) enhancing highly specific 

targeting precision, especially in heterogeneous diseases like 

cancer [7], 3) improving long-term safety of novel synthetic 

polymers in the body [8], 4) advancing combinations of 

polymer conjugates and hybrid materials for simultaneous 

drug delivery and diagnostics [4], and 5) bridging the 

translational gap between laboratory innovations and clinical 

practice. Issues of scalability, reproducibility, and regulatory 

approval present major hurdles in bringing novel delivery 

systems to market [9]. 

http://www.internationaljournalssrg.org/
http://creativecommons.org/licenses/by-nc-nd/4.0/
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The evidence of continued innovation in polymer science 

for drug delivery is emphasized in the research gaps. Hence, 

this industry needs to adopt a diversified approach in order to 

develop forward-thinking medication delivery systems that 

can get beyond current obstacles and significantly improve 

patient outcomes, which involve merging developments in 

polymeric chemistry, nanotechnology, and biomedicine. 

 

The goal of this review paper is to present a thorough 

summary of the most recent advancements in polymer science 

for improved drug delivery systems. In order to demonstrate 

the groundbreaking possibilities of polymer chemistry in 

furthering pharmaceutical research and enhancing patient 

care, this study will look at recent advances in polymer 

synthesis, design approaches for getting past biological 

barriers and developing applications in targeted and controlled 

drug delivery. In addition, it will evaluate the difficulties of 

the present and suggest ways forward to fill in the known 

research gaps, opening the door to safer, more unique, and 

more efficient drug delivery systems. 

 

2. Breakthroughs in Polymer Synthesis and 

Design 
Polymer science discoveries changed drug delivery by 

giving exact control over substance properties and drug 

release patterns. With many uses in the healthcare and 

pharmaceutical industries, this has had an important effect on 

patient care and medical procedures. [2, 10]. The evolution of 

polymeric drug delivery systems highlights the adaptability 

and potential of these materials, with innovations ranging 

from traditional methods to cutting-edge technologies. 

Drug delivery systems are based on conventional polymer 

synthesis techniques like chain-growth and step-growth 

polymerization. Hence, typical plastics consisting of 

polystyrene and polyethene are created via chain-growth 

polymerization, which uses unbalanced monomers like vinylic 

compounds [16]. As a result, polymers having a progressive 

rise in molecular weight, such as polyesters and polyamides, 

are produced using step-growth polymerization. At the same 

time, block copolymer manufacturing is made possible by 

sophisticated methods such as live polymerization, which also 

provide more control over molecular weight [17]. 

 

However, new technologies have opened up a lot of 

options for drug delivery using polymers. Complex structures 

can now be produced quickly and effectively by combining 

click chemistry and controlled polymerization techniques like 

RAFT and ATRP [18, 19]. Also, the creation of various 

macromolecular structures with improved functionality has 

proven to be very beneficial when this combination is used 

[20]. 

Table 1. Polymer technologies in drug delivery can be broadly categorized into traditional and emerging approaches 

Category  Polymer Technology   Usage in Drug Delivery  

 

Traditional 

Chain-growth polymerization 
Production of common polymers like polystyrene and polyethylene 

for basic drug carriers  

Step-growth polymerization 
Creation of polyesters and polyamides for controlled-release 

formulations  

Living polymerization 
Precise control of molecular weight and block copolymer 

production for tailored drug delivery systems  

Electrospinning 
Production of high surface area-to-volume ratio nanofibers for 

drug-loaded patches or implants  

Emerging 

Click chemistry with RAFT/ATRP. 
Rapid creation of complex polymer structures for advanced drug 

delivery vehicles  

Nanocomposites 
Enhanced mechanical, thermal, and electrical properties for smart 

drug delivery systems  

3D printing 
Customized geometries and internal structures for personalized 

drug delivery devices  

4D printing 
Dynamic, stimuli-responsive structures for targeted and controlled 

drug release  

Shape Memory Polymers SMP Temperature-responsive drug release systems  

Multi-material 3D printing  Complex, multifunctional drug delivery devices  

Polymer-textile hybrids  Wearable drug delivery systems  

Biodegradable polymers (e.g., PLA)  Environmentally friendly and biocompatible drug carriers  

 Polymers having continuous fiber 

reinforcement. 

Harder, longer-lasting embedded drug delivery systems. 

Conductive hydrogels Flexible strain sensors for responsive drug delivery systems  

PEDOT: PSS hydrogels Electrically controlled drug delivery systems  

Origami-inspired 4D printing  Transformable structures for adaptive drug delivery in the body  

Keratin-based materials  Moisture-sensitive, biocompatible drug delivery systems  
Source: (Franco, 2024) 
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Furthermore, the production of polymers has been 

transformed by nanotechnology, especially in the areas of 3D 

printing and electrospinning. These methods have made it 

possible to produce polymer nanofibers with high surface 

area-to-volume ratios, which are perfect for tissue engineering 

and filtration applications [21]. Improved mechanical, 

thermal, and electrical properties of nanocomposites have 

been achieved through the integration of nanoparticles into 

polymers [22]. Findings by Franco [11], Yan et al. [12], 

Khalid et al. [13], Jamal et al. [14] and [15] emphasized other 

notable technologies which have opened up options for drug 

delivery using polymers: 

• Shape memory polymers (SMPs) and 4D printing 

technology are two recent developments that provide 

previously unheard-of control over drug release 

processes. These materials may allow tailored medication 

release in response to variations in body temperature 

since they have the ability to change over time in reaction 

to external stimuli. 

The ability to produce complex things with many polymer 

kinds using multi-material 3D printing has made it 

possible to build drug delivery devices that are more 

functional and detailed. Wearable medication delivery 

systems are now possible because of the direct 3D 

printing of polymers onto textiles to create hybrid 

polymer-textile structures. 

• Biodegradable polymers, including polylactic acid 

(PLA), are being developed in response to the increasing 

demand for biocompatible and ecologically acceptable 

materials in medication delivery. Researchers have also 

started to improve the mechanical characteristics of drug 

delivery systems by adding continuous fibres, like carbon 

fibre, to polymer filaments. 

• Within the field of smart materials, PEDOT: PSS 

hydrogels and conductive hydrogels hold potential as 

electrically controlled and responsive drug delivery 

systems. Origami-inspired researchers have used 4D 

printing to create intricate, morphable structures that may 

eventually lead to medication delivery systems that may 

unfold or reshape inside the body. 

• Lastly, a major advancement in bioengineering and smart 

textiles for medication delivery is the utilization of 

keratin-based materials with shape memory and moisture-

sensitive qualities. These biocompatible materials 

provide the possibility of developing medication delivery 

systems that adapt to the body's normal moisture levels. 

When taken as a whole, these developments mark a 

substantial advancement in additive manufacturing for drug 

delivery applications and polymer science. Innovative 

materials and fabrication methods are enabling researchers to 

design more complex, customized, and responsive medication 

delivery systems that could completely change the way 

patients are treated. 

 

3. Nanotechnology in Polymeric Drug Carriers 
A state-of-the-art method in pharmaceutical research, 

nanotechnology in polymeric drug carriers offers improved 

effectiveness, less negative consequences, and targeted 

administration [23]. According to [23], it can get beyond 

biological barriers and make it easier to distribute drugs to 

previously unreachable locations, e.g. liposomes, polymeric 

nanoparticles, dendrimers, and micelles. 

 

Accordingly, polymeric nanocarriers solve problems, 

including excessive amounts to be taken, short-term 

fluctuations in drug-focused attention, low solubility, and drug 

degradation. It can be programmed to deliver medication at 

particular times and places as well as to react to outside cues 

[24]. Also, immunomodulation, infectious illnesses, and 

cancer have all shown promise for the use of polymers in drug 

delivery systems, including polymeric nanoparticles [7]. 

According to [7], drugs' biopharmaceutical and biokinetic 

behaviour can be altered by these systems, improving their 

durability and potency while lowering cytotoxicity. 

 

Moreover, polymers are essential for colloidal drug 

carrier systems and drug delivery devices such as implants for 

regulated drug delivery [25]. They have benefits, including 

improved drug release and loading characteristics, blood-brain 

barrier crossing, and resistance to chemical deterioration. In 

recognition of their capacity to strengthen drug solubility, 

facilitate targeted delivery, regulate discharge, and shield 

pharmaceuticals from deterioration, polymeric nanocarriers 

such as nanoparticles, micelles, dendrimers, and 

polymersomes have drawn a lot of interest in the field of drug 

delivery [24, 26]. These carriers are especially helpful for 

tailored and prolonged drug administration as well as for 

improving therapeutic effectiveness; their sizes tend to vary 

from 10 to 1000 nanometers. 

 

Due to the predicted expansion of consumer demand for 

medication delivery systems based on nanotechnology, the 

use of polymeric nanocarriers will likely continue to grow [27]. 

A typical instance is the utilization of poly(lactic-co-glycolic 

acid) (PLGA) nanoparticles. A large amount of investigation 

has been conducted on the prospective application of PLGA 

nanoparticles in cancer treatment, specifically in regard to the 

governance of cancer chemotherapy drugs like paclitaxel. In 

recent studies, these nanoparticles may decrease the adverse 

impacts of paclitaxel while improving its potency [28]. 

Also, continuous studies have been done on the 

application of PLGA nanoparticles in cancer medication 

delivery systems, with an emphasis on their controlled release, 

biodegradability, and biocompatibility [29]. With a focus on 

their ability to address the unfavourable aspects of anticancer 
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medications, the adaptability of PLGA nanoparticles in the 

distribution of anticancer treatments has been emphasized 

[30]. 

 

Amphiphilic block copolymers give rise to polymeric 

micelles, a diverse family of nanocarriers with possible uses 

in drug administration, including tissue penetrability, less 

toxicity, and controlled drug release, among its benefits [68]. 

These characteristics make them especially suitable for long-

term release, solubilizing poorly soluble compounds, and 

shielding encapsulated materials from metabolism and 

breakdown [65]. Consequently, polymeric micelles have 

demonstrated the possibility of being used in the treatment of 

cancer, offering a safe and efficient means of addressing 

incurable diseases [69]. Notably, paclitaxel's polymeric 

micelle formulation, Genexol-PM, has shown enhanced 

efficacy in treating a range of malignancies [66]. 

 

Research on smart polymeric nanocarriers is moving 

quickly forward and has the potential to significantly change 

drug delivery in complex diseases like cancer and 

neurodegenerative disorders. These nanocarriers, in 

particular, are responsive to stimuli like pH, temperature, and 

specific enzymes [34]. These nanocarriers, such as those made 

of poly(histidine), have demonstrated potential for the 

targeted delivery of medications to tumour settings [35]. The 

inclusion of targeted ligands further enhances the specificity 

of these carriers, as aptamer-functionalized PLGA 

nanoparticles have shown in the delivery of docetaxel to 

prostate cancer cells [36]. Current research focuses mostly on 

the use of stimuli-responsive polymeric nanocarriers in cancer 

therapy, especially those that may release their payload in 

response to an internal or external trigger [37]. These 

nanocarriers may promote drug dispersion, lessen adverse 

drug reactions, and improve in vivo drug delivery [34]. 

 

From the foregoing, it is evident that the literature has 

provided ample substantiation of the potential of polymeric 

drug carriers to transform drug delivery for diseases as 

complex as cancer and neurological disorders. Polymeric 

PLGA-based nanoparticles have been shown to have promise 

in the treatment of neurodegenerative diseases [39, 40], 

especially in terms of better drug targeting and permeability 

across the blood-brain barrier. The importance of polymeric 

nanocarriers in developing nanoreactors for in situ drug 

administration, as well as in preserving and delivering active 

chemicals to diseased locations, is further highlighted by [41] 

and [42]. All of these findings highlight how important 

polymeric drug carriers can be in improving the way complex 

diseases are treated. 

4. The Use of Polymers for Targeted Drug 

Delivery 
Pharmaceutical research has improved greatly with the 

use of polymers for targeted drug delivery, which allows for 

the accurate, effective, and regulated blend of medicinal 

substances through passive and active targeting mechanisms 

[63]. According to [72], active targeting involves 

functionalizing polymeric carriers with particular ligands, 

while passive targeting, on the other hand, makes use of 

natural polymer characteristics. 

 

However, the polymer's size, charge, and 

hydrophobicity/hydrophilicity balance, among other things, 

have a big impact on how long it takes for polymeric 

substances to circulate and where they end up in tissues [62]. 

Also, polymeric nanoparticles can be surface-decorated with 

tumor-homing ligands to promote their retention and 

accumulation in the tumour vasculature, which could result in 

better treatment outcomes. However, drug delivery can benefit 

greatly from polymeric systems, as summarized in Table 2 

above, especially poly(lactic-co-glycolic acid) (PLGA) 

nanoparticles, which offer stability to labile molecules, 

regulated release to the intended place, and the capacity to 

alter surfaces for targeted delivery while shielding 

pharmaceuticals from deterioration and premature release [8]. 

In order to overcome some of the limitations related to 

PLGA nanoparticles, hybrid PLGA nanoparticles, which 

integrate several functions, have been produced [70]. With an 

emphasis on PLGA in particular, the stability and promise of 

polymeric nanoparticles in anti-neoplastic therapeutic 

research have been emphasized [67]. Because of their 

biodegradability, biocompatibility, and capacity to shield 

medications from deterioration, PLGA-based nanoparticles 

have been effectively employed in a number of biological 

applications, such as cancer, inflammation, and vaccination 

[31]. In the same vein, PEGylated polymers have a lot to offer 

in terms of medication delivery, such as customization for 

particular uses, including injectable polymer-drug conjugates 

and implants [32]. These technologies are very useful for drug 

delivery because it has been demonstrated that they lengthen 

the duration of drug circulation and decrease immunogenicity 

[25]. Nonetheless, studies are still being conducted to create 

substitute polymer-drug conjugates that provide improved 

degradability and stability [33]. 

Similarly, methacrylic acid, a pH-responsive polymer, 

has been found to be an essential tool in cancer treatment, 

enabling targeted drug delivery to tumour areas [34]. These 

systems belong to a larger class of stimuli-responsive 

polymers, which are able to alter their microstructure in 

reaction to various environmental stimuli, such as pH 

variations [64]. Drug delivery relies heavily on this capacity 

to react to certain circumstances since it enables the controlled 

and targeted release of therapeutic substances [4]. The fact that 

these systems are used in polymeric nano vehicles for 

anticancer medications, which may be made to release 

medications in response to particular triggers like an acidic pH 

in tumour settings, serves as additional evidence of their 

potential [38].
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Table 2. Types of polymer for targeted drug delivery 

 Polymer Type   Key Features   Advantages   Applications   Targeting Mechanism  

 PLGA 

(Poly(lactic-co-

glycolic acid))  

Biodegradable and 

biocompatible, it protects 

drugs from degradation and 

allows surface modification 

and Hybrid versions are 

available.  

Controlled release, 

Stability for labile 

molecules, Targeted 

delivery and Prevents 

premature release.  

Vaccination, 

Cancer therapy, 

Inflammation 

treatment and 

Anti-neoplastic 

drug research  

Passive targeting and 

Active targeting (with 

surface modification)  

 PEGylated 

polymers  

 It can be tailored for specific 

applications, Increases drug 

circulation time, and is Water-

soluble.  

Reduced 

immunogenicity, 

Improved 

pharmacokinetics, 

Reduced toxicity, 

Enhanced stability  

Injectable 

polymer-drug 

conjugates, 

Implants, Targeted 

drug release  

Passive targeting and 

Active targeting (with 

ligand attachment)  

 pH-responsive 

poly(methacrylic 

acid)  

Changes in microstructure in 

response to pH allow for 

precise drug delivery to tumor 

sites, which is part of stimuli-

responsive polymers.  

Controlled and 

targeted release, 

responded to the acidic 

tumor environment 

and triggered release.  

Cancer therapy, 

Polymeric nano 

vehicles for 

anticancer drugs  

Active targeting (pH-

responsive)  

 General 

polymeric 

systems  

Size, charge, and 

hydrophobicity/hydrophilicity 

balance affect distribution, 

Can be decorated with tumor-

homing ligands, High loading 

efficiencies  

improved retention in 

the cancer vasculature, 

improved effectiveness 

of therapy, drug 

shielding able to reply 

to outer factors  

 

improved retention 

in the cancer 

vasculature, 

improved 

effectiveness of 

therapy, drug 

shielding able to 

reply to outer 

factors  

 

 Passive targeting (size 

and charge) and Active 

targeting (ligand 

decoration)  

 

Consequently, recent years have seen substantial 

breakthroughs in polymeric systems for targeted drug 

administration, with an emphasis on improving therapeutic 

efficacy and safety, especially in the areas of cardiovascular, 

neurodegenerative, and cancer treatments. The promise of 

polymeric nanoparticles and polymer-drug conjugates in 

targeted cancer therapy is further highlighted by [43], [44], 

and [45] respectfully. Taken together, these studies 

demonstrate the ongoing development and promise of 

polymeric systems for targeted drug delivery. 

5. Overcoming Physiological Barriers with 

Advanced Polymers  
One of the primary objectives of pharmaceutical 

development is the eradication of physiological barriers. [46] 

contends that although these barriers—which include cellular, 

tissue, enzymatic, and chemical barriers—are vital to 

sheltering the body from perhaps hazardous substances, they 

also create problems for the delivery of drugs. It further 

influences drug delivery by affecting bioavailability, drug 

stability, targeting, and dosage requirements, which can 

reduce the amount of drug that reaches systemic circulation 

intact, degrade drugs before absorption, prevent drugs from 

reaching specific tissues or organs, and necessitate higher 

doses to overcome their effects, potentially increasing side 

effects. Consequently, researchers are now working on the 

development of advanced polymers to address the challenges 

posed by physiological barriers in drug administration [47]. 

 

For instance, polymers, like PEG, are used to prolong the 

time that drugs remain in circulation and improve their 

effectiveness. It also has a vital function in the regulated 

distribution of medicinal substances [4]. Also, biodegradable 

polymers have shown the capacity to enhance retention 

duration and bioavailability in ocular medication 

administration [48].  

As a result, researchers like [49], [43], [44], and [45] are 

now investigating localized polymer depot delivery systems 

for the treatment of cancer, with the aim of enhancing the 

ability of drugs to penetrate and be transported throughout the 

body. These studies together demonstrate the capability of 

improved polymers to overcome physiological obstacles in 

medication administration. 

The blood-brain barrier (BBB) and mucus layers, in 

particular in the central nervous system and mucosal tissues, 

substantially restrict the delivery of drugs. To get around these 

difficulties, researchers are now researching polymer-based 

nanocarriers. Resultantly, polysorbate 80-coated 

nanoparticles have shown potential in transporting 

medications to the brain by imitating low-density lipoproteins 

[50, 51]. 
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Moreover, studies have shown that mucus-penetrating 

nanoparticles composed of densely PEGylated polymers 

exhibit enhanced diffusion through mucus layers compared to 

traditional particles. This advancement has led to improved 

medication delivery for illnesses such as cystic fibrosis and 

inflammatory bowel disease [52, 53]. Hence, the progress in 

nanocarrier technology has significant promise for 

surmounting the blood-brain barrier (BBB) and mucus 

barriers in medication delivery. 

Up to this point, research has focused on creating 

polymers to deliver medicines verbally, with an emphasis on 

cancer therapy. The aim of pH-responsive polymers, such as 

Eudragit®, is to release drugs into the more alkaline 

environment of the intestine whilst preserving them from the 

acidic conditions of the stomach [54]. Some polymers, like the 

mucoadhesive polymer chitosan, have the capacity to boost 

the absorption of drugs in the intestines. Furthermore, the 

utilization of polymeric nanocarriers carrying P-glycoprotein 

inhibitors offers the potential to reduce cancer cells' multidrug 

resistance. Additionally, physiological constraints have been 

overcome with customized drug release at certain locations 

made possible using stimuli-responsive polymers, such as 

thermosensitive polymers [54]. 

As the comprehension of biological obstacles progresses, 

the complexity of polymer-based solutions also increases. 

Improved techniques to penetrate beyond physiological 

barriers arise from the combination of many properties, such 

as stimuli-responsiveness, targeting ligands, and stealth—into 

a single polymeric organization. Therefore, advances in 

advanced polymer design are serving to enhance patient 

outcomes across multiple therapeutic areas through the 

creation of superior drug delivery systems. 

6. Mixture Therapies and Theranostics Based on 

Polymers 

       Polymer-based combination therapies and theranostics, 

which have boosted therapeutic efficacy and diagnostic 

opportunities, have made significant improvements in the area 

of medicine. 

 

These technologies, especially in the domain of cancer 

research, have the capacity to transform patient care by 

offering continuous monitoring of treatment response and 

accurate administration of medication [55]. Hence, polymer-

based materials provide a high degree of adaptability, 

allowing them to remain in the bloodstream for prolonged 

durations and concentrate in particular regions.  

This characteristic renders them well-suited for targeted 

medication administration and imaging purposes [56]. The 

research on developing multifunctional polymer-based 

materials for image-guided cancer treatment shows great 

promise and is now expanding [57]. 

From the preceding, dendrimer-based systems have 

emerged as a prominent class of polymer-based materials for 

theranostic applications. These highly branched, tree-like 

structures, as in Figure 1, offer unique advantages due to their 

multifunctional nature and ability to carry both therapeutic and 

diagnostic agents. 

 
Fig. 1 Schematic description of  thernostic dendrimer 

Source: Serge et al. (2018) 

 

Dendrimers with distinct generations and compositions 

can be modified absolutely by theranostic applications, as 

indicated in Table 3. PAMAM dendrimers, for such as have 

been enriched with lots of therapeutic (doxorubicin, 

methotrexate, siRNA) and imaging (fluorescent dyes, 

radioisotopes, magnetic nanoparticles) agents for use in the 

treatment and diagnosis of cancer.  

 

Multiple functionalities might be implemented in 

dendrimer-based systems, confirming their flexibility. As a 

demonstration of the prospect for multimodal cancer treatment, 

Zhong Yuan Chen et al. reported on a magnetic nano-

octahedron system enriched with aptamer and dendrimers that 

might deliver magnetic hyperthermia and chemotherapy 

constantly. 

 
For theranostic applications, polymer-based compounds, 

including dendrimers, provide a number of benefits. These 

materials can increase the effectiveness of their therapy by 

achieving focused accumulation in particular tissues and an 

extended circulation time. In addition, they have the capacity 

to transport several therapeutic substances, which permits 

combination therapy methodologies.  

Real-time monitoring of treatment response is made 

possible by the imaging capabilities integrated into these 

materials, which offer important insights into the efficacy of 

the therapy. Additionally, stimuli-responsive qualities, 

including pH-responsive systems, can be built into polymer-

based materials to allow for targeted and controlled 

medication release. 
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Table 3. Summary of dendrimer-based theranostic systems 

Dendrimer 

Type 
Generation 

Therapeutic 

Agent 
Diagnostic Agent 

Therapeutic 

Role 

Diagnostic 

Role 
Target/Application 

Cationic 

carbosilane 
G2 siRNA 

Isothiocyanate of 

Fluorescein 

(FI) 

Gene 

silencing 

Fluorescence 

imaging 

HIV-infected 

human primary 

astrocytes 

PEGylated G2.5 
Doxorubicin 

(DOX) 

SPIO 

nanoparticles 

Cancer 

therapy 
MRI 

Cancer therapy and 

imaging 

PAMAM G3 
Methotrexate 

(MTX) 

Isothiocyanate of 

Fluorescein (FI) 

Targeting and 

killing FR-

expressing 

tumor cells 

Fluorescence 

imaging 

FR-expressing 

tumor cells 

PEGylated 

PAMAM 
G3.5 

Doxorubicin 

(DOX) 

SPIO 

nanoparticles 

Cancer 

therapy 
MRI 

Cancer therapy and 

imaging 

mPEG-

PAMAM 
G3.5 Taxol 

SPIO 

nanoparticles 

Cancer 

therapy 

MRI and 

fluorescence 

imaging 

Cancer therapy and 

imaging 

PAMAM 

glycidol 

hydroxyl-

terminated 

G4 - Bi - CT imaging Animal models 

PPI with 

LHRH 

peptide 

G4 Pcs Pcs 
Cancer 

therapy 

Fluorescence 

imaging 

Human ovarian 

carcinoma 

PEG-

PAMAM-

FA 

G4 5-FU 99mTc 
Cancer 

treatment 

γ-Camera 

imaging 
MCF-7 cell lines 

PAMAM G5 
Methotrexate 

(MTX) 

Fluorescein 

isothiocyanate 

(FI) 

Targeting FR-

expressing 

cells 

Fluorescence 

imaging 
KB cell line 

PAMAM G5 Taxol Cy5 
Cancer 

therapy 

Flow 

cytometry 
Cancer cells 

PPI G5 Naphthalocyanine 
Naphthalocyanine 

or SiNc 

Cancer 

therapy 

Fluorescence 

imaging 

Resistant ovarian 

cancer 

PAMAM G5 
α-Tocopheryl 

succinate 

Fluorescein 

isothiocyanate 

(FI) 

Cancer 

therapy 
CT imaging 

Hepatocellular 

carcinoma 

PAMAM G5 hNIS gene 123I Gene therapy PET imaging Liver cancer 

PAMAM 

with RGD 
G5 

Doxorubicin 

(DOX) 

Fluorescein 

isothiocyanate 

(FI) 

Cancer 

therapy 

Fluorescence 

imaging 

Glioblastoma 

cancer cells 

PAMAM-

PLL 
G6 

Poly-L-lysine 

(PLL) 
- 

Systemic 

antiangiogenic 

activity 

- 
Angiogenesis 

inhibition 

Source: Hosseini et al., (2023) 
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Fig. 2 Diagrammatic indicating of a versatile theranostic system based on dendrimers 

Source: Warsi et al. (2016) 

 

Finally, polymer-based combination treatments and 
theranostics, especially those that make use of dendrimer 

systems, provide enormous opportunities for specialized 

medical treatments. 

These approaches offer the potential for tailored 

treatments based on real-time patient feedback, potentially 

improving outcomes across a range of diseases, notably in 

cancer and chronic disorders. Further developments in the 

production and use of multifunctional polymer-based 

materials for image-guided therapies and individualized 

treatment will be made as this field of study continues to 

advance [57]. 

8. Potential for the Future and Today in Polymer-Based 

Drug Delivery 

       Drug delivery systems which are based upon polymers 

have drastically enhanced patient satisfaction overall and the 

potency of therapies. Meanwhile, there are still unresolved 

issues, and how satisfactorily they are settled will influence 

the future of this domain. The present obstacles are as follows: 

• Biocompatibility and decomposition: When a variety of 

polymers shows bio-compatibility, the ongoing impacts 

on various modern synthetic polymers remain uncertain. 

It is vital to make sure that an item totally melts down 

without producing any dangerous byproducts.  

• A major obstacle is achieving scalability while creating 

the move from small-scale production in the lab to huge-

scale manufacturing in an industrial setting while 

preserving consistent quality.  

• Regulatory Problems: Complicated polymer-based 

systems, mainly those with many parts (medicines and 

imaging agents), have to undergo strict regulatory 

scrutiny, ending in a lengthy licensing technique. 

• Precise Delivery: Despite progress, attaining very 

accurate targeting without unintended consequences 

remains difficult, especially in complex illnesses such as 

cancer. 

• The commercial appeal of polymer-drug formulations is 

reliant on this ability to sustain their integrity under 

different situations of storage, resulting in long-term 

stability and shelf-life vital parts. 

• Breaking Biological Barriers: It is also challenging to 

successfully pass biological barriers, like cell membranes 

and the blood-brain barrier while preserving their 

integrity. 

8.1. Potential for the Future 

• Personalized Medicine: Progress in polymer chemistry 

may facilitate the creation of adaptive drug delivery 

systems that may adjust to the specific features of 

individual patients and their medical conditions. 

• By increasing the precision and effectiveness, drug 

delivery systems could be made better by merging 

nanotechnology and polymer science. 

• More aimed and consistent drug release could be made 

feasible by the development of polymers that act with a 

Dendrimer 

Nanotubes Quantum dots 

Nano/Microsphere 

Liposomes 
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range of stimuli, such as changes in pH, temperature, or 

the presence of enzymes. 

• Polymeric carriers have the potential to address the 

obstacles encountered in gene therapy and siRNA 

distribution, which might possibly transform the 

treatment of genetic diseases and cancer. 

• The use of 3D printing technology could speed up the 

production of customized polymer-based systems for 

drug delivery, as requested.  

• Artificial Intelligence and Machine Learning: These 

technologies may boost polymer design and foresee in 

vivo performance, which might speed up the development 

process. 

• Mixture of Immunotherapies: Polymer-based systems 

offer an opportunity to improve the favourable effects of 

immunotherapies by providing immunomodulators and 

immune response control.  

Newer polymer designs might be the key to tackling 

treatment resistance in conditions such as cancer and bacterial 

infections. 

Research advances are expected to lead to a generation of 

polymer-based drug delivery systems which are safer, more 

individualized, and more powerful. This might dramatically 

change how therapeutic treatments for different conditions are 

carried out. 

9. Conclusion 
The significant improvement in polymer science for drug 

delivery systems is highlighted in this detailed research, which 

also reveals how these advances have the potential to 

revolutionize the effectiveness of treatment and patient 

outcomes. With new technologies like shape memory 

polymers, biodegradable materials, and 3D and 4D printing 

opening up novel opportunities for delivering drugs, science 

has seen enormous strides in polymer synthesis and design. 

With nanoparticles, micelles, and dendrimers exhibiting 

ability in targeted treatment, controlled release, and 

overcoming physiological difficulties, nanotechnology has 

been essential to enhancing polymeric drug carriers. The 

precision and efficacy of drug delivery systems were greatly 

enhanced by the development of smart, stimuli-responsive 

polymers, specifically for challenging therapeutic areas like 

cancer treatment. A crucial step towards personalized 

medicine was made with the integration of polymers in 

combination therapies and theragnostic, permitting real-time 

monitoring of treatment response and customized techniques 

for therapy. Dendrimer-based equipment displayed a 

phenomenal amount of flexibility when merging diagnostic 

and therapeutic activities. Regardless of these changes, there 

are still difficulties with biocompatibility, scalability, 
regulatory approval, and formulations based on polymers' 
long-term stability. For these modern ways of delivery to be 

commonly employed in medical settings, it will be important 

to address these concerns. The field of polymer-based drug 

delivery offers a lot of possibilities moving forward. New 

developments will be made as polymer science and modern 

areas like nanotechnology, 3D printing, and artificial 

intelligence merge together. These improvements might end 

up in greater safety, efficacy, and customized methods of 

treatment for various kinds of illnesses. 

Let me conclude by stating that polymer studies continue 

to expand the boundaries of pharmaceutical delivery, offering 

answers to ongoing issues with drug administration and 

creating opportunities for new therapies. We might expect 

improved, reliable medication delivery systems that may 

entirely change patient care and treatment outcomes as this 

field study develops. 
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