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Abstract

Abbreviations

NCs: Nanocomposite Hydrogels; AuNPs: Gold Nanoparticles; 
AgNPs: Silver Nanoparticles; CNTs: Carbon Nanotubes; GO: 
Graphene Oxide; SPIONs: Superparamagnetic Iron Oxide 
Nanoparticles; LCST: Lower Critical Solution Temperature; PEG: 
Polyethylene Glycol; MMPs: Matrix Metalloproteinases; PNIPAM: 
Poly (N-isopropylacrylamide); AI: Artificial Intelligence.

Introduction

Background: The evolution and role of hydrogels in 
pharmacotherapy

Hydrogels are defined as three-dimensional, crosslinked 
polymeric networks that possess a remarkable ability to swell 

and retain significant volumes of water or biological fluids without 
undergoing physical dissolution [1]. This unique property arises 
from the presence of hydrophilic functional groups (such as –OH, 
–CONH–, SO₃H) along the polymer backbone, complemented by a 
crosslinked architecture that provides structural integrity [2]. In 
the landscape of modern drug delivery, hydrogels have emerged as 
premier candidates for “smart” delivery systems. Their high-water 
content grants them a physical consistency similar to soft living 
tissues, which effectively minimizes the risk of adverse immune 
responses or mechanical irritation at the site of administration [3].

The role of hydrogels in drug delivery is primarily as a protective 
reservoir. They can encapsulate a diverse array of therapeutic 
agents, including low-molecular-weight drugs, proteins, and even 
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genetic material like siRNA [1,4]. The release of these agents is 
typically governed by the diffusion-controlled mechanism, where 
the “mesh size” of the polymer network dictates the rate at which 
molecules migrate out of the matrix [4]. Furthermore, the chemical 
versatility of hydrogels allows for the design of stimuli-responsive 
systems—often termed “intelligent” hydrogels. These systems can 
modulate their swelling behaviour or degradation rate in response 
to external triggers such as pH fluctuations, thermal changes, or 
specific enzymatic activities, thereby enabling localized and on-
demand drug release [5].

The gap: Structural and kinetic limitations of conventional 
hydrogels

Despite their promising biomimetic features, conventional 
(neat) hydrogels—those consisting solely of a single polymer 
network—suffer from inherent drawbacks that hinder their clinical 
translation. The most critical limitation is the “burst release” 
effect [6]. Because of the highly porous and hydrophilic nature of 
these matrices, a large fraction of the encapsulated drug is often 
leached out into the systemic circulation almost immediately 
after administration. This rapid initial release can lead to toxic 
concentrations in the blood, reduced patient compliance due to 
the need for frequent dosing, and a significant waste of expensive 
therapeutic cargo [7].

Additionally, conventional hydrogels are often plagued by poor 
mechanical performance. They are typically brittle and possess low 
fracture toughness, making them susceptible to structural failure 
under the physiological stresses encountered in subcutaneous, 
intramuscular, or load-bearing tissue environments [8]. 
Furthermore, their ability to load hydrophobic drugs is severely 
limited; since the matrix is primarily aqueous, lipophilic drugs 
tend to aggregate or undergo phase separation, resulting in poor 
loading efficiency and unpredictable release profiles [6,9]. These 

limitations underscore the urgent need for a more robust, hybrid 
platform that can provide both mechanical stability and precise 
kinetic control over drug release.

The synergy: Nanotechnology-integrated hydrogels 
(Nanocomposites)

To address the aforementioned gaps, the integration of 
nanotechnology with hydrogel science has led to the development 
of nanocomposite hydrogels (NCs). These advanced materials are 
fabricated by incorporating various types of nanomaterials—such 
as metallic nanoparticles (Au, Ag), carbon-based nanostructures 
(CNTs, graphene oxide), or polymeric nanocarriers (micelles, 
liposomes)—directly into the hydrogel matrix [10,11]. This 
integration produces a synergistic effect where the nanoparticles 
act as multifunctional components that enhance the host matrix in 
several ways.

From a structural standpoint, nanomaterials serve as reinforcing 
agents or “nano-fillers.” They can form additional physical 
or chemical crosslinks with the polymer chains, significantly 
increasing the elastic modulus, toughness, and fatigue resistance of 
the hydrogel [12]. From a drug delivery perspective, nanoparticles 
act as secondary barriers that create a “tortuous path” for the 
diffusing drug molecules, thereby effectively suppressing the 
burst release and extending the duration of therapeutic action 
[10,13]. Moreover, the inclusion of nanomaterials introduces 
novel functionalities such as remote-triggering capabilities. For 
instance, magnetic nanoparticles (like Fe3O4) allow for magnetic-
field-induced drug release, while gold nanoparticles enable 
photothermal therapy and light-triggered delivery [14]. This 
cutting-edge approach transforms the hydrogel from a passive 
carrier into an active, multifunctional therapeutic system capable 
of addressing the complex requirements of modern precision 
medicine [15].

Nanomaterial Type Improved Property Primary Mechanism
Carbon Nanotubes Electrical Conductivity Formation of percolating networks [11]
Gold Nanoparticles Photothermal Response Surface Plasmon Resonance (SPR) effect [14]
Silica Nanoparticles Mechanical Strength High surface area for polymer-NP interaction [12]
Lipid Nanocarriers Hydrophobic Loading Solubilization of lipophilic drugs in the core [13]

Table 1: Influence of Different Nanomaterials on Hydrogel Properties.
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Classification of nanomaterials integrated into hydrogels

The integration of nanomaterials into hydrogel matrices is not 
a “one-size-fits-all” approach. The selection of a specific nano-
filler depends on the desired mechanical, electrical, or biological 
functionality of the final therapeutic platform. These can be broadly 
categorized into three major groups.

Inorganic nanomaterials

Inorganic nanomaterials are primarily used to provide 
structural reinforcement and introduce unique physical properties 
like conductivity or antibacterial activity.

•	 Carbon-Based Nanostructures: Carbon Nanotubes (CNTs) 
and Graphene Oxide (GO) are renowned for their exceptional 
mechanical strength and electrical conductivity. When 
embedded in a hydrogel, they facilitate the development 
of conductive scaffolds for neural and cardiac tissue 
engineering [16].

•	 Metallic Nanoparticles: Gold Nanoparticles (AuNPs): 
Used for their Surface Plasmon Resonance (SPR) effect, 
allowing for photothermal therapy and light-triggered drug 
release [17].

•	 Silver Nanoparticles (AgNPs): Highly valued for their 
inherent broad-spectrum antimicrobial properties, making 
them ideal for “smart” wound dressings [18].

•	 Silica Nanoparticles: These are often used to enhance the 
fracture toughness of the gel and provide a high surface area 
for the adsorption of various therapeutic proteins [16,19].

Organic and polymeric nanomaterials

Organic nanomaterials are often preferred for their superior 
biocompatibility and their ability to carry high payloads of 
hydrophobic drugs.

•	 Polymeric Micelles: These amphiphilic structures can 
sequester lipophilic drugs within their hydrophobic core 
while the hydrophilic shell maintains stability within the 
hydrogel matrix, effectively preventing drug aggregation 
[20].

•	 Liposomes: Lipid-based vesicles that can encapsulate both 
hydrophilic and hydrophobic agents. When integrated into 
hydrogels, they act as secondary reservoirs that provide a 
multi-stage release profile [21].

•	 Dendrimers: Highly branched, monodisperse 
macromolecules that allow for precise control over drug 
loading through surface functionalization, which is crucial 
for delivering highly potent anti-cancer agents [22].

Magnetic and stimuli-responsive nanoparticles

These materials turn a passive hydrogel into an “active” device 
that can be controlled from outside the body.

•	 Iron Oxide Nanoparticles (Fe3O4): These are the most 
common magnetic NPs used. Under an external alternating 
magnetic field (AMF), they generate localized heat or 
mechanical vibration, which “squeezes” the hydrogel pores 
to release the drug on demand [23].

•	 Responsive Hybrid Systems: These NPs can be engineered 
to respond to internal stimuli like specific enzyme 
concentrations (e.g., MMPs in tumors) or external triggers 
like ultrasound, providing a high degree of spatial and 
temporal control over drug delivery [24].

Figure 1: Comparative schematic of conventional vs. nanotech-
nology-integrated hydrogels. 

(A) Conventional hydrogels exhibit large pore sizes leading to 
rapid burst release and poor mechanical stability. (B) The inte-
gration of nanomaterials (e.g., metallic NPs, carbon nanostruc-

tures) provides structural reinforcement and creates a tortuous 
diffusion path, enabling sustained drug release and external 

stimuli-responsiveness (e.g., magnetic or light triggers).
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Synthesis and fabrication techniques for nanocomposite 
hydrogels

The architectural integrity and functional efficiency of 
nanotechnology-integrated hydrogels are fundamentally dictated 
by the crosslinking density and the method of fabrication. The 
synthesis strategies are generally classified into physical and 
chemical crosslinking, alongside modern precision-engineering 
techniques.

Physical Crosslinking: Reversible and Bio-friendly networks

Physical crosslinking relies on non-covalent interactions, 
making these hydrogels often reversible and inherently less toxic 
as they avoid the use of chemical initiators.

•	 Hydrogen Bonding: Many nanocomposite hydrogels are 
formed through extensive hydrogen bonding between the 
functional groups of the polymer chains (e.g., hydroxyl or 

carboxyl groups) and the surface of nanomaterials like 
Graphene Oxide or Silica [25]. This provides a self-healing 
capability to the gel.

•	 Hydrophobic Interactions: Nanomaterials with 
hydrophobic surfaces can act as “anchoring points” 
for amphiphilic polymers. This type of crosslinking is 
particularly useful in creating injectable hydrogels that can 
transition from a liquid to a gel state upon physiological 
temperature changes [26].

•	 Electrostatic Interactions: Positively charged 
nanomaterials can physically crosslink with negatively 
charged polyelectrolytes (like Alginate), creating a robust 
network through ionic gelation [27].

Chemical crosslinking: Permanent and robust architectures

Chemical crosslinking involves the formation of irreversible 
covalent bonds, resulting in hydrogels with superior mechanical 
stability and predictable degradation rates.

Nanomaterial Class Specific Example Primary Function in Hydrogel Reference
Inorganic Graphene Oxide Enhances tensile strength and cell adhesion [16]
Metallic Silver (Ag) Provides antimicrobial and anti-biofilm activity [18]
Organic Liposomes Enables delivery of delicate growth factors [21]
Magnetic Superparamagnetic Iron 

Oxide
Remote-controlled/Targeted drug release [23]

Table 2: Functional Roles of Specific Nanomaterials in Hydrogel Matrices.

Figure 2: Diverse classification of nanomaterials integrated into hydrogel matrices and their respective functional 
enhancements.
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•	 Covalent Bonding: Techniques such as “click chemistry” 
or Schiff base reactions are used to covalently graft 
nanoparticles onto the polymer backbone. This prevents the 
leaching of nanomaterials and ensures a stable, long-term 
drug release profile [28]

•	 Photopolymerization: Photopolymerization is an advanced 
method where UV or visible light is used to trigger a rapid 
crosslinking reaction [29].

3D printing and microfluidics: The era of precision engineering

To move towards personalized medicine, advanced fabrication 
techniques are being employed to create complex, patient-specific 
hydrogel geometries.

Technique Primary Mechanism Advantage Limitation
Physical Crosslinking Non-covalent bonds High biocompatibility; Self-

healing
Lower mechanical stability

Chemical Crosslinking Covalent bonds High structural integrity Possible toxicity from residual 
initiators

Photopolymerization Light-induced reaction Rapid, in-situ formation Limited light penetration depth
3D Printing Layer-by-layer assembly Complex, custom geometries High equipment cost; Low 

resolution

 Table 3: Comparison of Synthesis Techniques for Integrated Hydrogels.

•	 3D Bioprinting: This involves the layer-by-layer deposition 
of “bio-inks” containing both the polymer-nanoparticle 
mix and therapeutic agents. It allows for the fabrication of 
anatomically accurate scaffolds with controlled internal 
pore architectures [30].

•	 Microfluidics: This technique is used to synthesize 
“nanogels”—microscopic hydrogel beads. By controlling 
fluid flow at the micron scale, researchers can produce 
monodisperse hydrogel particles with highly uniform drug 
loading, which is crucial for intravenous drug delivery [31].

Figure 3: Schematic illustration of various fabrication routes for nanotechnology-integrated hydrogels, from tradition-
al crosslinking to advanced additive manufacturing.
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Mechanisms of controlled drug delivery in nanocomposite 
hydrogels

The therapeutic efficacy of nanotechnology-integrated 
hydrogels is governed by the kinetics of drug release. Unlike 
conventional systems, nanocomposites offer multiple layers of 
control, allowing for zero-order release profiles (constant release 
over time). The mechanisms can be broadly categorized into three 
fundamental pathways:

Diffusion-controlled mechanism

Diffusion is the most common mechanism, where drug molecules 
migrate from a region of high concentration (inside the hydrogel) 
to low concentration (the external biological environment).

•	 Fickian Diffusion: In neat hydrogels, drugs diffuse freely 
through water-filled pores. However, in nanocomposites, 
nanoparticles act as physical obstructions. This increases 
the tortuosity of the diffusion path, meaning the drug must 
navigate a “maze” of nanoparticles, which effectively slows 
down the release rate [32].

•	 Higuchi Model: This mechanism often follows the Higuchi 
equation, where the amount of drug released is proportional 
to the square root of time. The integration of nanomaterials 
allows researchers to tune the “mesh size” (Xi) of the polymer 
network to match the hydrodynamic radius of the drug [33].

Swelling-Controlled (Relaxation) mechanism

This mechanism is dominant when the drug is trapped in a 
glassy (dry or semi-dry) polymer matrix.

•	 Solvent Penetration: As the hydrogel comes into contact 
with biological fluids, water molecules penetrate the 
network, causing the polymer chains to relax and swell. The 
drug is released only as the swelling front moves deeper into 
the gel [34].

•	 Case II Transport: In nanotechnology-integrated systems, 
nanomaterials can reinforce the polymer chains, slowing 
down the relaxation process. This ensures that the drug 
release is governed by the rate of polymer swelling 
rather than simple diffusion, leading to more predictable 
“sustained” kinetics [35].

Stimuli-Responsive (Triggered) release

This is an important aspect of nanotechnology-integrated 
hydrogels, where the nanomaterial acts as a ‘gatekeeper’ that 
responds to internal or external triggers

•	 pH-Sensitive Release: In tumor microenvironments (which 
are acidic), pH-responsive nanoparticles (e.g., ZnO or certain 
polymeric micelles) can degrade or change charge, causing 
the hydrogel to swell or shrink and “squeeze out” the drug 
[36].

•	 Thermo-Responsive Release: Using PNIPAM-based 
hydrogels integrated with Gold NPs, external NIR light can 
be converted into heat. This heat causes the hydrogel to 
undergo a Lower Critical Solution Temperature (LCST) 
transition, triggering an immediate drug discharge [37].

•	 Magnetic Field-Responsive Release: Iron oxide 
nanoparticles (Fe3O4) within the gel can vibrate or generate 
heat in an alternating magnetic field (AMF), providing a 
“remote-controlled” on-off drug delivery system [38].

Advantages and translational limitations of stimuli-responsive 
systems

The nanohydrogels that can be controlled with stimuli have 
a unique advantage in terms of spatio-temporal control, but so 
do each of the stimuli, with the obvious clinical challenges. pH-
responsive systems are also very desirable for targeting to the 
acidic tumor microenvironment or variations in the gastrointestinal 
tract, but the tumor microenvironment can be very acidic, and 
physiological pH can vary greatly in different patients, resulting in 
release that may occur too early or not at all. Safe localized heat 
(e.g., thermo-responsive systems like PNIPAM) is challenging to 
keep the transition between Lower and Upper Critical Solution 
Temperature (LCST) sharp in complex biological fluids. The light 
triggered (NIR) delivery has many advantages of site-specificity 
and dual photothermal therapeutic effects, but is limited by low 
tissue penetration depth which restricts its use to superficial 
tumors or topical applications. Magnetic-responsive delivery, on 
the other hand, has the advantage of being able to bypass barriers 
to penetration and to also deliver to depths of penetration from 
a remote location via the use of AMF equipment, but the delivery 
system is bulky, requires specialized equipment and can lead to 
localized overheating if the nanoparticles aggregate.
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Mechanism Key Governing Model Role of Nanoparticles Drug Release Profile
Diffusion Higuchi/Fick’s Law Increase tortuosity; slow diffusion Sustained (Time-dependent)
Swelling Peppas-Sahlin Model Modulate polymer chain relaxation Zero-order (Constant)
Stimuli Activation Energy Model Act as transducers (Light/Heat/pH) Pulsatile (On-demand)

 Table 4: Mathematical and Physical Parameters of Release Mechanisms.

Figure 4: Comparative drug release profiles showing the mitigation of burst release through nanomaterial integration and 
the achievement of on-demand pulsatile release.

Enhanced properties of nanotechnology-integrated systems

The integration of nanomaterials transforms a fragile hydrogel 
into a high-performance biomaterial. This enhancement is not 
merely additive but synergistic, where the composite material 
exhibits properties superior to its individual components.

Superior mechanical strength and toughness

Conventional hydrogels are often brittle due to their non-
homogeneous network structure. Nanoparticles (NPs) act as 
multifunctional crosslinkers and energy-dissipating centres [39].

•	 Stress Dissipation: When stress is applied, the polymer 
chains slide along the surface of the nanoparticles (like 
Graphene Oxide or Silica), which dissipates mechanical 
energy and prevents the propagation of cracks. This 
significantly increases the fracture toughness and elastic 
modulus of the system [40].

•	 Self-Healing Properties: Nanoparticles with dynamic 
functional groups can facilitate the re-formation of broken 
physical bonds (hydrogen or ionic bonds), allowing the 
hydrogel to “heal” itself after mechanical deformation, which 
is crucial for injectable drug delivery systems [41].

Sustained and controlled release profile

The primary kinetic advantage of nanotechnology integration is 
the mitigation of the “burst release” effect.

•	 Tortuosity and Hindered Diffusion: Nanomaterials create 
a “physical maze” within the hydrogel matrix. Drug molecules 
cannot move in a straight line; they must navigate around 
the nanoparticles, which increases the effective diffusion 
path length [42].

•	 Drug-Nanoparticle Interactions: Specific interactions 
(such as pi-pi stacking with carbon nanotubes or electrostatic 
attraction with metallic NPs) allow the drug to be “bound” 
more tightly within the matrix. This ensures a slow, zero-
order release profile, maintaining therapeutic drug levels for 
weeks or even months [43].

Biocompatibility and programmable biodegradability

Safety is the most critical factor for Scopus-indexed biomedical 
research
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•	 Biocompatibility: Most modern nanocomposite hydrogels 
use “green” nanomaterials or those functionalized with 
PEG (polyethylene glycol) to prevent immune recognition. 
These systems show minimal cytotoxicity and support cell 
adhesion and proliferation [44].

Property Neat Hydrogel Nanocomposite Hydrogel Improvement Mechanism
Fracture Energy Low (~10 J/m2) High (>1000 J/m2) Energy dissipation via NP-polymer nodes
Release Duration Hours to Days Days to Months Increased tortuosity and binding affinity.
Injectability Difficult (Brittle) Easy (Shear-thinning) Reversible physical crosslinking
Surface Area Low Extremely High High aspect ratio of nanomaterials.

Table 5: Improvement in Properties Post-Nanomaterial Integration.

*Note: The quantitative improvements presented (e.g., fracture energy increases from ~10 J/m² to >1000 J/m²) are representative 
literature-derived values rather than original data generated by the present authors. These reflect generalized trends across multiple 

peer-reviewed experimental protocols. 

•	 Tuned Degradation: By controlling the ratio of inorganic 
to organic components, the degradation rate of the hydrogel 
can be synchronized with the drug release or the rate of 
tissue regeneration. For instance, biodegradable polymeric 
nanoparticles can be designed to break down into non-toxic 
metabolites that are easily cleared by the renal system [45].

Major applications in healthcare

Nanotechnology-integrated hydrogels have transitioned from 
laboratory curiosities to advanced therapeutic platforms. By 
combining the hydration of hydrogels with the functional precision 
of nanomaterials, these systems are solving complex challenges in 
various medical fields.

Translational status of clinical applications

It is essential to clearly define the current investigation stages 
of nanotechnology-based hydrogels in order to make a proper 
assessment of their clinical readiness. The biomedical field is 
growing, but most of the evidence in tissue engineering and 
advanced diabetes management is based on cell in-vitro models 
and preclinical (murine/porcine) in-vivo research studies. On the 
other hand, particular oncological formulations and antimicrobial 
wound dressings have successfully made the jump to early phase 
clinically investigated trials. These applications are examined 
critically in the following subsections, and the different stages of 
translation are indicated for each application.

Cancer therapy: Precision oncology

Local chemotherapy using hydrogels is a highly effective 
strategy for reducing systemic toxicity.

•	 Targeted Delivery: In advanced preclinical models, 
nanocomposite hydrogels are injected directly into the 
tumor site (peritumoral). For instance, hydrogels containing 
polymeric micelles or liposomes allow for the sustained 
release of potent drugs like Doxorubicin, ensuring high local 
concentration while sparing healthy organs [46]

Figure 5: Radar chart illustrating the multi-dimensional 
enhancement of hydrogel properties upon the integration of 

functional nanomaterials.
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•	 Hyperthermia and Dual Therapy: Gold or magnetic 
nanoparticles within the gel allow for combined 
photothermal and chemotherapy. External NIR light can heat 
the nanoparticles to kill cancer cells (hyperthermia) while 
simultaneously triggering a massive drug release [47].

Wound healing: Advanced strategies for chronic wounds

Managing chronic wounds (like diabetic ulcers) requires both 
moisture and infection control.

•	 Antimicrobial Action: Silver nanoparticle (AgNPs)-
integrated hydrogels provide a sustained release of silver 
ions, which disrupt bacterial cell walls. This is highly effective 
against multi-drug resistant (MDR) strains like MRSA [48].

•	 Bioactive Scaffolds: Hydrogels integrated with silica or 
zinc oxide nanoparticles promote angiogenesis (new blood 
vessel formation) and collagen deposition, significantly 
accelerating the wound closure rate compared to standard 
gauze [49].

Diabetes management: Glucose-responsive systems

The goal here is to mimic the human pancreas through “closed-
loop” insulin delivery.

•	 Smart Sensors: By incorporating glucose oxidase-
functionalized nanoparticles into a pH-responsive hydrogel, 
the system can sense high blood sugar levels. The enzymatic 
reaction creates a local acidic environment, causing the 
hydrogel to swell and release a precise dose of insulin [50]. 
Once glucose levels return to normal, the release stops 
automatically.

Tissue engineering: Bio-mimetic scaffolds

Hydrogels serve as 3D templates for cell growth, but they often 
lack the mechanical cues of real tissue.

•	 Structural Mimicry: Carbon nanotubes or Graphene oxide 
are used to provide the electrical conductivity needed for 
cardiac and neural tissue engineering. These nanomaterials 
allow for better communication between cells, leading to 
faster maturation of tissues.

•	 Osteogenic Potential: Hydrogels integrated with 
hydroxyapatite nanoparticles are used as bone-mimetics, 
providing the mineral density required for osteoblast (bone 
cell) proliferation.

Healthcare Area Integrated Nanomaterial Functional Role Outcome
Oncology Gold Nanoparticles Photothermal transduc-

tion
Reduced tumor volume; fewer side 

effects
Dermatology Silver (AgNPs) Bactericidal activity Accelerated healing of infected 

wounds
Endocrinology Glucose Oxidase NPs Enzymatic glucose sens-

ing
Autonomous insulin regulation

Orthopedics Nanohydroxyapatite Mineralization and 
Strength

Successful bone tissue regeneration

 Table 6: Summary of Clinical Applications.

Figure 6: Schematic representation of the diverse biomedical landscape of nanotechnology-integrated hydrogels  
in modern healthcare.
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Current challenges and future perspectives

Despite the significant strides made in the development of 
nanotechnology-integrated hydrogels, several bottlenecks remain 
that impede their seamless transition from benchtop research to 
bedside clinical application.

Toxicity concerns and long-term safety

The primary bottleneck in the clinical translation of 
nanocomposite hydrogels is the long-term biological fate of 
inorganic nanomaterials.

•	 Bioaccumulation and clearance: Inorganic fillers (e.g., 
Gold, CNTs) are very resistant to the breakdown by 
biological enzymes, whereas polymeric hydrogel matrices 
can be programmed to be hydrolysable or biodegradable 
by enzymatic reaction. Nanoparticles larger than the renal 
filtration limit (~5.5 nm) are opsonized and taken up by 
the reticuloendothelial system (RES), undergoing long term 
bioaccumulation with a primary distribution in liver and 
kidneys.

•	 Cellular Toxicity: Prolonged retention can trigger severe 
oxidative stress, the generation of reactive oxygen species 
(ROS), and subsequent tissue fibrosis or granuloma formation. 
Therefore, designing hybrid systems utilizing ultrasmall, 
renal-clearable nanoclusters or fully biodegradable organic 
nanocarriers is critical to passing stringent biocompability 
regulations set by health authorities.

Scalability and manufacturing challenges

Translating a lab-scale protocol to industrial-scale production 
is a major hurdle.

•	 Batch-to-Batch Consistency: Maintaining a uniform 
dispersion of nanoparticles within a large-volume polymer 
matrix is extremely difficult. Aggregation of nanomaterials 
can lead to “hotspots” of high drug concentration or 
mechanical weak points.

•	 Cost and Complexity: Advanced fabrication techniques like 
3D bioprinting and microfluidics, while precise, are currently 
expensive and have low throughput, making the final product 
significantly more costly than conventional therapies.

Regulatory hurdles and standardization

Depending on the specific product formulation and jurisdiction, 
regulatory bodies like the FDA (USA) and EMA (Europe) may 
categorize these materials as “combination products,” which can 
complicate the approval process.

•	 Lack of Framework: Current guidelines are often tailored 
for either “drugs” or “devices.” A nanotechnology-integrated 
hydrogel acts as both, requiring rigorous and separate 
testing for the nano-filler, the polymer matrix, and the drug 
payload 

•	 Standardization: There is an urgent need for standardized 
characterization protocols (e.g., for pore size, crosslinking 
density, and NP release rates) to ensure that research data 
from different labs are comparable and reproducible.

Future perspectives: AI integration and translational 
challenges

The future of controlled drug delivery lies in “autonomous” 
systems.

•	 Artificial Intelligence (AI) Integration: Machine 
Learning and AI present powerful formulations that can 
provide a prediction of drug release kinetics from the 
structural parameters, reducing the need for trial-and-error 
formulation. The challenge, however, is that these predictive 
algorithms need large, standardised and high-quality open-
source datasets to train them accurately under various 
physiological conditions 

•	 3D Bioprinting and Bio-instructive Scaffolds: Although 
3D bioprinting offers the potential to create personalised, 
bio-instructive scaffolds for real-time tissue regeneration, 
there are still plenty of translation issues to be solved. 
These encompass printing viable vascularization in macro-
structures, maintaining structural fidelity after printing 
whilst preserving cell viability, and cost of clinical-grade 
printers and GMP-compliant bio-inks is prohibitive. Breaking 
these barriers is key if such technologies are to be scaled to 
become part of the global healthcare system.
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Challenge Impact Proposed Strategic Solution
Chronic Toxicity Organ damage via bioaccumulation Use of “ultrasmall” renal-clearable NPs (<5 nm)
NP Aggregation Inconsistent drug release Surface functionalization with surfactants or PEG
Regulatory Delay Slow clinical translation Establishing specific “Nano-hybrid” safety standards.
High Cost Limited patient access Developing high-speed 3D printing and modular synthe-

sis

 Table 7: Summary of Challenges and Potential Solutions.

Materials and Methods

Literature search strategy

Relevant studies were selected based on their relevance to 
nanotechnology-integrated hydrogels, controlled drug delivery, 
stimuli-responsive systems, and biomedical applications. Peer-
reviewed articles addressing the design, fabrication, drug-release 
mechanisms, safety, clinical translation, and regulatory aspects of 
nanocomposite hydrogels were considered. Articles that were not 
directly relevant to the scope of this review were excluded.

Selection of nanomaterials

Hydrogels were integrated with diverse nanomaterials based on 
desired functionality. Inorganic fillers such as GO, CNTs, AuNPs, and 
AgNPs were chosen for mechanical reinforcement, conductivity, 
and antimicrobial activity. Organic nanocarriers including 
polymeric micelles, liposomes, and dendrimers were employed for 
hydrophobic drug encapsulation and multi-stage release. Magnetic 
nanoparticles (Fe₃O₄) were incorporated for remote-controlled 
release under alternating magnetic fields.

Fabrication techniques

Hydrogels were synthesized using both physical crosslinking 
(hydrogen bonding, hydrophobic interactions, ionic gelation) 
and chemical crosslinking (covalent bonding via click chemistry, 
Schiff base reactions). Photopolymerization was applied for in-situ 
gelation, while 3D bioprinting and microfluidics enabled patient-
specific scaffolds and monodisperse nanogels.

Drug loading and release studies

Numerous studies reviewed have been based on drug loading 
through in-situ (mixing drug into the pre-gel precursor solution) 
or post-fabrication (equilibrium swelling) methods, with the latter 

typically reserved for the loading of delicate biologics. In general, 
release characteristics are tested with simulated physiological 
fluids such as PBS at pH 7.4 with fixed agitation and temperature 
of 37°C, and with specific micro-environments like the pH 5.5 for 
tumour models. These kinetic mechanisms are then modelled 
based on Higuchi equation for diffusion control and Peppas-Sahlin 
equation for simultaneous polymer chain relaxation.

Characterization methods

Rheological analysis and universal testing machines (UTM) 
are universally used to calculate the elastic modulus and fracture 
toughness of the structural integrity of the hydrogels under 
hydrated physiological conditions The in-vitro biocompatibility 
can also be assessed by live/dead cellular assays, such as MTT or 
WST-1, using specific cell lines (e.g., fibroblasts or osteoblasts) to 
determine the level of nanoparticle-induced cytotoxicity before 
preclinical in-vivo testing is performed.

Results and Discussion

The integration of nanotechnology into hydrogel systems 
produced multi-dimensional improvements across mechanical, 
biological, and pharmacokinetic domains. Conventional hydrogels, 
while biocompatible, often suffered from burst release and poor 
toughness by embedding nanomaterials such as graphene oxide, 
gold nanoparticles, silver nanoparticles, and polymeric micelles, 
these limitations were significantly mitigated.

Mechanical reinforcement

Nanoparticles acted as multifunctional crosslinkers, dissipating 
stress and preventing crack propagation. Fracture toughness 
increased from ~10 J/m² in neat hydrogels to >1000 J/m² in 
nanocomposites Self-healing properties were observed in systems 
crosslinked via reversible hydrogen bonding, enabling injectable 

formulations that could withstand physiological stress.
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Controlled drug release

Drug release kinetics shifted from uncontrolled diffusion to 
sustained zero-order profiles. Nanoparticles created tortuous 
diffusion pathways, slowing drug migration and extending 
therapeutic duration from hours to several weeks. Stimuli-
responsive systems demonstrated pulsatile release under external 
triggers such as pH changes, NIR light, and magnetic fields. 
For example, PNIPAM-based hydrogels integrated with AuNPs 
exhibited thermo-responsive release upon NIR irradiation.

Biocompatibility and safety

PEGylated nanomaterials reduced immune recognition 
and cytotoxicity, supporting cell adhesion and proliferation. 
Biodegradable nanostructures synchronized degradation with 
drug release, ensuring clearance via renal pathways. However, long-
term toxicity of inorganic nanoparticles remains a concern, with 
evidence of bioaccumulation in liver and kidneys. This highlights 
the need for ultrasmall, renal-clearable nanoparticles (<5 nm).

Clinical applications:

•	 Oncology: Nanocomposite hydrogels enabled localized 
chemotherapy and dual photothermal-chemotherapy, 
reducing systemic toxicity.

•	 Wound Healing: AgNP-integrated hydrogels provided 
sustained antimicrobial action against MDR pathogens, 
accelerating wound closure.

•	 Diabetes: Glucose-responsive hydrogels mimicked pancreatic 
function, autonomously releasing insulin in response to 
hyperglycemia.

•	 Tissue Engineering: CNTs and GO enhanced conductivity 
for cardiac and neural scaffolds, while hydroxyapatite 
nanoparticles promoted osteogenesis.

Challenges and future perspectives

Scalability remains a bottleneck, as advanced fabrication 
methods like 3D bioprinting and microfluidics are costly and 
low-throughput. Regulatory hurdles persist due to the dual 
classification of these systems as both drugs and devices Future 
directions emphasize AI-driven predictive modeling to optimize 
drug release kinetics and bio-instructive scaffolds that actively 

guide tissue regeneration 

Conclusion

The integration of nanotechnology into hydrogel systems 
represents an important advancement in the field of controlled 
drug delivery. This review has systematically explored how the 
synergy between various nanomaterials and polymeric matrices 
addresses the long-standing limitations of conventional hydrogels, 
specifically the “burst release” effect and inadequate mechanical 
robustness. By incorporating inorganic, organic, and stimuli-
responsive nanoparticles, researchers have developed platforms 
that provide improved structural integrity and controlled, on-
demand drug release kinetics.

The findings presented here highlight that nanotechnology-
integrated hydrogels extend beyond simple diffusion-based drug 
delivery systems. They have been investigated as multifunctional 
platforms for applications such as glucose-responsive delivery in 
diabetes, photothermal-chemo synergistic therapy in oncology, 
and bio-instructive scaffolds for tissue engineering. Advanced 
fabrication techniques, including 3D bioprinting and microfluidics, 
further support the development of personalized hydrogel-based 
delivery systems and therapeutic scaffolds.

Despite these advances, challenges related to long-term safety, 
nanomaterial toxicity, scalability, manufacturing consistency, and 
regulatory requirements remain important barriers to clinical 
translation. Further research is therefore required to establish 
standardized characterization methods, evaluate long-term safety, 
and improve the reproducibility and scalability of nanotechnology-
integrated hydrogel systems. Future developments involving 
artificial intelligence, advanced fabrication techniques, and bio-
instructive materials may further contribute to the optimization 
and clinical translation of these systems.
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