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A B S T R A C T 
 

A R T I C L E    I N F O R M A T I O N 

This review discusses recent advances in nanocomposite applications, with a particular 
concentrate on their progress as drug delivery systems. It explores the intrinsic 
properties of nanocomposites that effect their interaction with the immune system and 
potential in vivo toxicity. It also includes the immune system's interaction with 
nanomaterials, immunological responses provoked by nanocomposite systems, and 
the factors that impact immune reactions such as size, shape, surface properties, 
composition, and biodegradability. The review also discusses surface modifications 
and targeting ligands that can optimize nanocomposite performance. Through 
understanding nano-bio interfaces technology, researchers can design bio-effective 
nanomaterials that open new possibilities for biomedical applications, especially as 
targeted and safe drug delivery platforms. 
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1. Introduction 

The rapid growth of scientific and technological advancement 
has driven nanotechnology and nanocomposites to the forefront of 
modern research [1, 2]. As integral components of nanoscience, 
these materials have attracted substantial interest across different 
fields such as biomedicine, electronics, energy, and environmental 
science, driven by their unique properties and special performance 
at the nanoscale [3, 4]. Over the past few decades, nanotechnology 
has revolutionized everyday life such as enhancing intracellular 
drug delivery, improving food preservation, and increasing the 
efficiency of targeted therapeutics, especially in cancer treatment 
[1, 3, 5, 6]. Such progresses have not only raised up global living 
standards but also greatly affected the economy [3]. 

In drug delivery systems, nanocomposites are now 
concentrated on reaching precise targeting, higher drug loading 
capacities, controlled release, and enhanced cellular uptake. 
Among the evolving approaches are biomimetic nanocarriers such 
as hydrogels, micelles, liposomes, dendrimers, and polymeric 
nanostructures that mimic natural cell functions. These biomimetic 
strategies have presented promising potential for boosting 
therapeutic efficiency and specificity [7]. 

Moreover, advancements in nanomaterials including quantum 
dots, nanowires, nanotubes, layered nanostructures, graphene 
derivatives, and MXenes have extended the horizon of material 
science [8]. Due to their high surface-to-volume ratio, aspect ratio, 
and customizable shapes, new functionalities have appeared, 
enabling stronger, lighter, and more versatile materials [9-11]. 
However, the increased use of nanoparticles also rises concerns 
about possible toxicity and biological interactions [5, 8, 12]. 

This review discusses the immunological implications of 
nanocomposite drug delivery systems, emphasizing how their 
exceptional properties impact immune responses either positively, 
by promoting targeted therapy, or negatively, through immune 
toxicity. Hence, understanding these interactions is crucial for 
designing safer, more effective nanomedicines that influence the 
full potential of nanoparticles and nanocomposites in healthcare. 

 
2. Overview of nanocomposite drug delivery systems 

2.1. Definition and classification of nanocomposites 

Nanocomposites are advanced materials containing a matrix 
such as metal, ceramic, or polymer reinforced with nanoscale 
fillers, usually less than 100 nm in size. They can be classified 
based on the number of dimensions in the nanoscale, including 0D 
(nanoparticles), 1D (nanorods, nanowires), 2D (nanofibers, 
nanotubes), and 3D (nanogranules, nanoclays) [13].  

Nanocomposites can be polymer-based, ceramic-based, or 
metal-based. Polymer nanocomposites, widely used in biomedical 
applications, often include polymers like polyurethane, epoxy, and 
chitosan, combined with nanomaterials such as graphene, 
nanotubes, or metal oxides [5, 13-15]. These materials exhibit 
unique properties like enhanced mechanical strength, thermal 
stability, and chemical resistance, as a result of their high surface 
area and nanoscale structures [12, 16, 17]. They can also play a 
crucial role in advancing drug delivery systems through improved 
stability, targeting, and controlled release capabilities [18]. Their 
tailored properties have increased applications across numerous 
areas [8]. 

Nanocomposites comprising polymers or inorganic 
nanoparticles such as silica, zinc oxide, and iron oxide are used to 
improve antigen stability, processing, and sustained release in 

vaccine development. Zinc oxide nanocomposites are particularly 
capable owing to their biocompatibility and ability to modulate 
immune responses, making them suitable as vaccine adjuvants and 
in cancer immunotherapy. However, they can also induce 
inflammation and toxicity by generating reactive oxygen species 
(ROS) and cytokines, demonstrating the necessity for careful 
design and efficient safety evaluation [18]. 

2.2. Definition and classification of drug delivery 
system 

A drug delivery system (DDS) is a formulation or device, with 
regulatory oversight depending on its purpose that presents a 
therapeutic agent into the body. It can perform as an interface 
between the patient and the drug. The aim of DDS is controlling 
the release rate, timing, and site of action of therapeutic agents to 
improve efficiency and safety [19]. Over recent decades, research 
has developed several DDS technologies, including 
microparticles, nanoparticles, transdermal patches, inhalers, 
implants, and antibody–drug conjugates, significantly affecting the 
treatment of diseases like cancer, diabetes, and cardiovascular 
conditions. The development and clinical translation of these 
systems continue to drive growth and innovation in the field [20]. 

2.3. Advantages of nanocomposites over conventional 
delivery systems 

Nanocomposites offer significant enhancements over 
conventional drug delivery systems by enabling targeted, 
controlled, and sustained release of therapeutics [8]. Unlike 
traditional methods such as oral, injectable, or topical routes, 
nanocarriers like nanoparticles, liposomes, and micelles improve 
drug stability, enhance tissue targeting, and reduce side effects and 
toxicity [21, 22]. They also allow for precise delivery to specific 
cells or tissues, increasing therapeutic efficacy [23]. Additionally, 
nanocomposites facilitate innovative approaches like personalized 
medicine, smart stimuli-responsive systems, and advanced 
manufacturing techniques such as 3D printing, further optimizing 
drug management [22, 24]. Overall, these advantages lead to 
improved patient adherence, minimized adverse effects, and the 
potential to treat complex conditions more effectively [24].  

2.4. Current applications in drug delivery  

Nanocomposites are extensively used in drug delivery, 
especially for oral administration, enhancing targeting, solubility, 
and bioavailability. They assist to overcome challenges such as 
stability and biological obstacles by allowing site-specific and 
controlled release [25]. For example, in cancer therapy, 
nanocarriers can increase drug efficacy and decrease side effects, 
often by means of activating the immune system to target tumor 
cells. These cutting-edge systems hold promise for personalized 
and efficient treatments across various diseases [26]. 

Nanocomposites, such as layered double hydroxide (LDH) [27] 
and clay-based systems [28], are increasingly used for targeted 
drug delivery due to their flexibility, surface modification, and 
wide distribution potential. Coatings can reduce toxicity and direct 
drugs to specific sites, especially for oral, systemic, or localized 
treatments. In Inflammatory bowel disease, nanocarriers loaded 
with monoclonal antibodies like infliximab have demonstrated 
enhanced efficacy and reduced systemic side effects [29]. Kim et 
al. [29] developed nanocomposite carriers loaded with infliximab 
(IFX) that demonstrated high encapsulation efficiency and a 
narrow size distribution. These carriers provided colon-specific 
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anti-inflammatory effects without disrupting systemic balance. 
Specifically, EAC-L showed promise for non-cytotoxic oral 
delivery of large molecules, stimulating immune cells and 
enhancing anti-inflammatory responses in the gut. Both AC-IFX-
L and EAC-IFX-L significantly improved colitis symptoms and 
reduced TNF-α levels in a mouse model, indicating their potential 
as effective oral therapies for Inflammatory bowel disease. Fig. 1. 
illustrates fluorescence imaging taken 7 hours after oral 
administration of Cy7-labeled delivery carriers, showing a strong 
Cy7 signal in the colon alongside a notably weaker but detectable 
fluorescence in the small intestine.  

Additionally, nasal nanocarriers and hydrogel nanocomposites 
are advancing non-invasive delivery methods, improving 
bioavailability and prolonging mucosal contact. These innovations 
highlight nanocomposites' growing role in efficient, targeted, and 
minimally invasive therapies [30]. 

 

Fig. 1. In vivo drug delivery systems are efficiently targeted to the 
inflamed colon, minimizing systemic exposure. a) Imaging performed 7 

hours after oral administration of Cy7-labeled delivery vehicles using an in 
vivo imaging system (IVIS) revealed fluorescence signals in the inflamed 

colon across all treatment groups. The arrows in the images highlight areas 
of intense fluorescence at the inflammation sites. b) Additionally, 

fluorescence levels of Cy7 were measured in the inflamed small intestine 
for the AC-L and EAC-L groups [29]. 

Chintapula et al. [31] designed a nanocomposite drug delivery 
system for COVID-19 using Remdesivir (RDV). They synthesized 
and characterized nanoparticles and nanocomposites, confirming 
successful drug loading and nanofiber coating. TEM images 
showed spherical RDV nanoparticles (about 100 nm) and 
nanofibers, with coatings increasing particle size and shifting 
surface charge positively. Fluorescence microscopy and MALDI 
analysis verified the presence and integrity of cell-penetrating 
peptides in the nanocomposites. This system highlights how 
nanotechnology can enhance antiviral delivery, with implications 
for immune response modulation and improved drug targeting.  

Fig. 2 shows the characterization of nanoparticles and 
nanocomposites. 

 

Fig. 2. (a) TEM images of nanofibers, RDV nanoparticles, and 
nanocomposites; (b-e) enlarged views demonstrating nanofiber presence; 

(f) FITC-labeled nanofibers adsorbed onto Rhodamine-labeled PLGA 
nanoparticles, with merged images highlighting co-localization; (g) RDV 
release from PLGA nanoparticles, showing a burst within 24 hours and 

over 60% released in 10 days; (h) toxicity tests of the nanocomposites on 
human lung and Vero E6 cells across various concentrations [31]. 

 
3. The immune system and its interaction with 
nanomaterials  

Nanomaterials are recognized by the immune system as foreign 
entities, similar to pathogens, primarily through innate immune 
mechanisms targeting chemical patterns. This recognition can 
trigger immune responses that pose challenges for nanomaterial-
based drug and gene delivery [32]. Interactions with immune cells 
including macrophages, dendritic cells, neutrophils, and 
lymphocytes can be beneficial or harmful, but the underlying 
mechanisms are not fully understood [33, 34]. These interactions 
often involve pattern recognition receptors like toll-like receptors 
(TLRs) and can activate both innate and adaptive responses, 
including cytokine production and Th1/Th2 polarization [34]. 
While nanomaterials can improve immune responses such as 
boosting vaccine efficacy, they can also lead to adverse immune 
reactions or toxicity. Therefore, understanding and evaluating 
these immune interactions, including potential immunotoxicity, 
are crucial for developing safe and effective nanomedicine 
applications. Modulating immune engagement may be helpful or 
undesirable depending on the intended therapeutic use [35].  For 
example, superparamagnetic iron oxide (SPIO) nanoparticles can 
activate immune recognition, mostly through their exposed anionic 
surfaces which are recognized by scavenger receptors on 
macrophages. Coatings like dextran help improve solubility but do 
not fully prevent immune interactions. SPIOs can trigger 
complement pathways, mainly the lectin and classical pathways, 
leading to rapid clearance and immune reactions such as 
anaphylactic responses [32]. 

Nanoparticles can also induce oxidative stress by generating 
ROS, such as superoxide and hydroxyl radicals, due to their 
oxidant properties. This ROS production can lead to immune 
modulation, affecting immunogenicity, antigenicity, clearance, 
and immune responses, which may cause hypersensitivity, 
inflammation, or immunosuppression. NPs interact with immune 
cells like macrophages, B cells, and T cells, either stimulating or 
suppressing immune functions depending on their design. Smaller 
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NPs (<10 nm) are rapidly excreted, while larger particles (>100 
nm) are cleared by the mononuclear phagocytic system. While 
immunomodulation by NPs holds promise for treating disorders 
and improving vaccine efficacy, it also carries risks of adverse 
reactions. Careful design and understanding of these interactions 
are essential for safe clinical use [34]. Fig. 3 illustrates the potential 
interactions between a typical nanomaterial (either polymeric or 
metal-based, shown as red spheres) and different immune cells 
[34]. 

 

Fig. 3. Diagram showing a typical nanomaterial (either polymeric or 
metal-based) represented by red spheres, illustrating their possible 

interactions with various immune cells [34]. 

 
4. Immunological responses to nanocomposite 
systems  

NPs can disturb the immune balance via multiple mechanisms, 
though full understanding remains elusive. One key mechanism is 
inducing oxidative stress, which contributes to allergy and asthma 
by damaging cells and disrupting immune regulation. NPs may 
also damage epithelial barriers in the respiratory tract, increasing 
susceptibility to allergens, with enzymes like MMP-9 playing a 
role in tissue remodeling. Additionally, NPs can modulate the 
adaptive immune response, shifting the Th1/Th2 balance, some 
NPs promote Th1 cytokines (e.g., INF-γ, TNF-α), boosting anti-
tumor activity, while others influence Th2 responses. Nano-
induced effects on dendritic cell maturation also impact immune 
activation and have been exploited in vaccine design. Furthermore, 
exposure to certain NPs elicits cytokine production patterns 
indicative of both inflammatory and immune-modulating 
responses, highlighting their complex role in immunotoxicity [33].  

 
5. Factors influencing immune reactions to 
nanocomposites 

The different properties of NPs properties, such as size, 
morphology, surface charge, and composition, influence the 
interaction with immune cells. Most NPs induce an innate immune 
response [34]. 

5.1. Size, shape, and surface properties 

The size, shape, and surface properties of nanoparticles 
critically influence immunological responses [6, 36, 37]. Optimal 

immune activation occurs within a specific size range (10–500 
nm), where nanoparticles effectively interact with immune cells; 
larger sizes (>500 nm) are more readily absorbed by tissue cells, 
while smaller sizes (<10 nm) quickly enter circulation. 
Nanoparticles around 80 nm are efficiently endocytosed by 
dendritic cells (DCs), promoting strong antigen presentation and T 
cell responses. Shape also impacts uptake and immune activation; 
for instance, nanorods exhibit higher cellular internalization, but 
spherical shapes can induce stronger immune responses and 
cytokine production [6]. Surface properties like charge and 
hydrophilicity/lipophilicity further modulate these interactions, 
affecting delivery, retention, and immune stimulation [36]. Surface 
hydrophobicity is crucial in nanoparticle immunology, as more 
hydrophobic particles are more readily taken up by phagocytes, 
leading to stronger immune responses. Studies show that 
hydrophobic particles promote higher antigen internalization by 
dendritic cells and stimulate greater cytokine production, 
enhancing vaccine efficacy. Increasing surface hydrophobicity 
improves interactions with cell membranes, facilitating antigen 
delivery and immune activation [38]. Consequently, carefully 
designing nanoparticles' size, shape, and surface features is vital 
for optimizing vaccine adjuvants and immunotherapies. 

Grunberger et al. [39] studied four types of silica nanoparticles 
of different sizes and porosities in vitro, highlighting increasing 
interest in their use for drug delivery and the importance of 
understanding their immunological safety. They found that at high 
doses (around 40 mg/kg in humans), these particles could cause 
immunotoxic effects depending on their properties. However, at 
lower, clinically relevant doses (≤8 mg/kg), they were not 
immunotoxic, supporting their potential for systemic delivery and 
imaging. Fig. 4. shows the effect of NPs on cytokine secretion.  

5.2. Composition and biodegradability 

Many inorganic nanoparticles (NPs), like gold and silver, used 
in photothermal therapy are non-biodegradable, leading to organ 
accumulation, toxicity, and inflammation. This raises safety 
concerns and limits clinical use [41]. To address this, 
biodegradable, biocompatible materials are being developed. 
Combining inorganic NPs with organic or carbon-based 
nanomaterials offers a promising way to reduce immune-related 
issues and improve safe, targeted cancer therapy [42]. Many 
research has shown that biodegradable nanoparticles can 
effectively deliver antigens, activating both innate and adaptive 
immunity with minimal doses [40]. Biodegradable polymers like 
PLGA and PCL, approved by the FDA, are widely used for vaccine 
and drug delivery due to their safety and versatility [37, 38, 43-47]. 
However, particle size and surface chemistry require careful 
optimization to prevent unwanted immune responses [38], such as 
those seen with PEGylated NPs. Ongoing research is essential to 
refine these nano-systems for advanced immunotherapies and 
vaccines [48].  

Petrizzo et al. [40] examined the immunological impact of 
nanoparticle-based vaccine delivery. They developed cationic 
PLGA/PEI nanoparticles that showed improved uptake by 
dendritic cells without toxicity. These NPs efficiently delivered 
ovalbumin, inducing DC maturation and activating naïve CD4

+ T 
cells toward a Th1 memory phenotype, promoting strong cytotoxic 
responses. Although PEI modification enhanced cellular uptake, 
both PLGA and PLGA/PEI NPs similarly stimulated immune 
responses, suggesting their potential for cancer vaccines. Further 
optimization with receptor-targeting ligands could improve 
antigen presentation. 
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Fig. 4. Effect of NPs on cytokine secretion. IFN-γ (a) and IL-10 (b) production was evaluated after 7 days of T cell co-cultivation with either OVA-imDCs or 
OVA-mDCs. A correlation analysis between CD4+ T cell subsets and cytokine production was performed in either OVA-imDCs (c) or OVA-mDCs (d) co-

culture setting [40]. 

5.3. Surface modifications and targeting ligands 

With rising cancer cases, targeted delivery of anti-cancer drugs 
has gained focus. Surface modifications with ligands (e.g., 
antibodies, peptides) enhance nanoparticle targeting to tumor-
specific receptors, improving drug efficacy and reducing side 
effects [49-53]. Ligand-coated nanoparticles can evade the 
immune system, prolong circulation, and precisely target tumor 
cells. However, their surface properties also influence immune 
responses, affecting uptake, cytokine secretion, and clearance. 
Understanding these immunological effects is essential for 
designing safer, more effective NP-based therapies [54-57]. Many 
ligand-conjugated NPs effectively control cellular functions by 
modulating the spatial arrangement of ligands on their surface, 
which is crucial for developing therapies with precise ligand-
receptor interactions to improve efficacy [58]. Bandyopadhyay et 
al. showed that the density of anti-DEC-205 antibodies on 
biodegradable nanoparticles influences immune responses. Higher 
ligand density increased IL-10 production by DCs and T cells 
through DEC-205 receptor cross-linking, which also upregulated 
CD36; blocking CD36 reduced IL-10, highlighting the importance 
of ligand density in vaccine design [59]. Furthermore, Fakhari et 
al. [60] studied the effect of ligand density on PLGA nanoparticles 
affects targeting. Using a cyclic peptide, cLABL, for ICAM-1, 
they adjusted surface reactive sites by varying Pluronic® mixtures. 
Higher reactive Pluronic® increased cLABL density, which 
improved cellular uptake in A549 cells. This highlights the 
importance of optimizing ligand surface density to enhance 
nanoparticle targeting effectiveness. Moreover, it was shown that 
surface-modified lanthanide nanoparticles are promising for 
cancer therapy due to their unique optical properties, ability to 
carry therapeutic agents, and customizable targeting ligands. They 
enable precise, image-guided, and multi-modal treatments like 
phototherapy, radiotherapy, chemotherapy, and immunotherapy, 
often responding to tumor microenvironment cues [61]. 
Optimizing surface chemistry is key for effective, side-effect-free 
cancer treatments, with ongoing research focusing on enhancing 
the therapeutic potential of nanoparticle.  

 
6. Conclusion 

Understanding immune processes, especially the complement 
pathway, is vital for designing nanocarriers that evade immune 

detection and minimize side effects. FDA-approved biodegradable 
polymers like PCL, PLA, and PLGA have shown promise in 
vaccine and cancer immunotherapy applications, with particle size 
influencing immune responses. Careful surface chemistry 
modification is essential to enhance biocompatibility, reduce 
immunotoxicity, and improve pharmacokinetics. Continued 
research on immune interactions will pave the way for safer, more 
effective nanomedicine strategies. 
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