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Abstract 
The recent introduction of hydrogels capable of 

being programmed for active response to 

environmental stimuli has been a game-changer in 

terms of biomedical applications. AI-guided design, 

joinedwith multiscale simulations,helps researchers 

to get rid of the trial-and-error approach of 

traditional development methods,resulting in 

hydrogels that are good for targeted, site-specific 

drug delivery and advanced 4D bioprinting tissue 

engineering. 
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I. Introduction 
Smart/Stimuli Responsive Hydrogels 

(Programmable Hydrogels) have a reactive 

(Dynamic) Closed-Loop Response, versus the Fixed 

(Static), linear Single Response of Conventional 

Hydrogels.CV Hydrogel response 

characteristics:Hydrogels have fixed water 

absorption capacity (swelling) regardless of outside 

forces acting upon them;Hydrogels cannot control 

the degree they transition between gel and 

solution;Hydrogels possess lower permeability than 

Smart Hydrogel systems;Hydrogels (Standalone) 

Stronger then Smart Hydrogel systems;Smart 

Hydrogels respond only to external stimuli on 

demand by design to provide adaptive (multiple) 

form and function (Smart Hydrogels can provide 

multiple (adaptive) forms and functions). An 

important difference between Programmable 

Hydrogels vs. Conventional Hydrogel systems is the 

capacity for Programmable Hydrogel systems to run 

inside a Closed-Loop Feedback Control 

System:Programmable Hydrogel systems are 

usually able to make senseof something in the 

environment (environmental or biological signal) 

and begina specific Bio-Function,for example, 

release an agent to treat a disease, based on the 

response to the signals received.(1) 

Increasingly significant in the academic 

realm, AI-assisted development of hydrogels will 

use ML-based methodologies for creating and 

improving hydrogel properties. AI is enhancing the 

production of responsive intelligent hydrogel.The 

application of computational modelling activates AI 

to make available a scientific basis for the 

development of hydrogels based on structure-

property correlations; as a result, it allows the 

prediction of hydrogels' behaviour under many 

conditions.AI hydrogel materials are intelligent and 

can assist in developing multimodal cancer therapy 

by providing improved monitoring capabilities for 

the tumour microenvironment (TME) as well as a 

means of dynamically modifying it. With decreased 

time and cost associated with R&D facilitated 

through the use of AI technology applications, the 

use of AI will enable hydrogels to be produced in an 

automatable manner for use in transitioning from 

laboratory settingsto clinicalsettings.(2,3,4,5,7) 

 

Types of Programmable Hydrogels 

• Temperature Programmable Hydrogels 

Temperature Programmable hydrogels change their 

properties and configurations with temperature 

changes,which makes a difference in how their 

polymers are arranged and connected.(6) 

• Mechanically Programmable Hydrogels 

Mechanically Programmable hydrogels allow for 

physical input to change their behaviour based on 

input from mechanical sources (like light or force) 

by converting these external stimuli into 

physicochemical energy so that they can reform and 

reprogram their structure.(6) 

• Shape Programmable Hydrogels 

Shape programmable hydrogels aresmart soft 

materials thatshowso many complex deformations 

by responding to environmental stimuli, for 

example, a change like temperature, pH, 

introduction of light, magnetism, electrical current, 

or the addition of water.(6) 
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• Gene Programmable Hydrogels 

Through the complementary hybridisation of nucleic 

acids, gene-programmable hydrogels are able to 

react to particular genetic instructions or 

sequences.(6) 

• Colour Programmable Hydrogels 

Colour Programmable hydrogels are biomimetic, 

and it is use as camouflage or sensing materials. 

Still, conventional colour-changing hydrogel 

typically has poor correctness due to a lack of 

confidence around the occurrence of colour changes, 

as these chemical processes are responsible.(6) 

• Degradable Programmable Hydrogels 

Hydrogels utilise numerous stimulants such as light, 

pH, enzymes, and CRISPR systems to yield 

programmable degradation rates and structural 

breakdown profiles, which allow them to be safely 

and precisely used in biomedical applications. (6) 

• Adhesive Programmable Hydrogels 

Traditional hydrogels have so many limitations that 

is why they compromise their capability to cause 

biological integrity and provide suitable adhesion to 

wearables, containing poor wet adhesion and poor 

control of the material substrate. (6) 

• Function/Response Programmable 

Hydrogels 

Function Programmable hydrogels are an 

outstanding choice for biomaterial development 

because they achieve an ideal balance of structural 

durability, mechanical performanceand dynamic 

reactivity by showing highly adjustable properties.(6) 

• Transparent Programmable Hydrogels 

Programmable hydrogels are able to respond to 

multiple environmental stimuli such as light, 

temperature, and pH in a manner that changes their 

structural characteristics, transparency, or colour, so 

that they can be used to create advanced, multilayer 

anti-counterfeiting encryption that is far more 

sophisticated than traditional single-stimulus 

methods.(6) 

 

Types of stimuli – Responsive Hydrogels 

• Temperature-Responsive Hydrogels 

Temperature-Responsive hydrogels are those that 

exhibit a marked change in physical state at a 

threshold temperature called a critical solution 

temperature, thus categorised as lower critical 

solution temperatures (LCST) or upper critical 

solution temperatures (UCST).(7) 

• pH – Responsive Hydrogels 

The pH-Responsive hydrogel conforms by swelling, 

contracting or dissolving when the pH of the 

environment around the hydrogel changes due to the 

presence of ionizable functional groups, such as 

hydrazones, imines, esters and amides in the 

polymer chains.(7) 

• Enzyme – Responsive Hydrogels 

As cancer progresses, the production of matrix 

metalloproteinases (MMPs) is upregulated by a 

considerable amount; MMPs are zinc-dependent 

proteases that specifically hydrolyse the 

extracellular matrix component of the tumour and 

cause the ECM to be degraded, and disrupt the 

adhesion of cells, which in turn promotes tumour 

invasion and metastasis. (7) 

• Light – Responsive Hydrogels  

Photo-Responsive hydrogelshave photo-sensitive 

materials with differing sensitivities to different 

wavelengths of light; for that reason, they need 

high-energy UV light to go through roughly one 

micrometre. (7) 

• Electric Field-Responsive Hydrogels 

Electric-field-responsive hydrogels contain charged 

groups or add conductive or magneto-sensitive 

nanoparticles to make the hydrogel polymer matrix 

capable of experiencing ionic migration, 

electrochemical reactions, swelling, shrinking, & 

deforming when an electric field is applied.(1) 

• Magnetic Field-Responsive Hydrogels 

The showing of magnetic nanoparticles in a 

magnetic field-responsive hydrogel causes 

mechanical movement and heating of the hydrogel 

as a result of submission to a magnetic field.(1) 

• Glucose-Responsive Hydrogels 

The presence of glucose at physiological pH leads to 

the alteration of the permeability & degradation of 

glucose-sensitive hydrogels via enzymatic 

degradation, by using phenylboronic acid (PBA), or 

via concanavalin A (ConA)- mediated degradation.(1) 

 

Characterisation methods of smart responsive 

hydrogels 

• Swelling 

Mass swelling ratio, water content, and volume 

swelling ratio are used for physical evaluation of the 

swelling properties of hydrogels.(7) 

• Macroscopic Mechanical Properties 

Hydrogels are subjected to compression tests for 

their ability to support low-stress loads (that is, their 

ability not to expel water) while tensile tests are 

used to determine their toughness, strength, and 

elongation (where double-network hydrogels can 

stretch as much as 1000%.(7) 

• Rheology 

Dynamic Rheology is a better method of 

characterising the viscoelasticity of hydrogels and 

for studying their in-situ sol-to-gel transition 

kinetics.(7) 
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• Chemical structure characterisation 

Hydrogel structures are typicallyevaluated by using 

a combination of spectroscopic and scattering 

techniques. FTIR recognize the existence of 

functional groups and evaluates the degree of cross-

linking; NMR give extra information regarding the 

uniformity of the hydrogel network, conversion 

rates of the network from sol to geland the density 

of cross-linking between the polymer chains.(7) 

 

AI-Driven Innovation in Programmable 

Hydrogel 

Material composition, formulation and 

environmental stimuli interplay,which is why the 

growth of the hydrogel was slow. To find a way 

around this issue, machine learning (ML) and 

artificial intelligence(AI)simulationhave transitioned 

research from beingbased on a trial-and-error 

approach to a data-driven precision methodology by 

pattern recognition and the optimisation of 

formulations with high loyalty and quality in 

comparison with dynamic, macroscopic 

responses.As an extra, AI-driven multiscale 

simulations that bridge molecular dynamics and 

continuum mechanics have been used to gain 

detailed awareness into the structure and function 

relationships of the hydrogels. These two 

practicalities have enabled the rational design and 

development of high-performance hydrogels, 

consequentlymaking their transition into modern 

biomedical applications,for example, bioprinting, 

targeted drug delivery, and precision 

oncology.(7,8,9,10) 

 

Benefits and Limitations of Smart Hydrogels in Drug Delivery 

• Benefits 

Key Features Detailed Description & Therapeutics Impact 

Controlled and Sustained Release 

 

Smart hydrogel gives controlled, targeted delivery of 

medicine based on external variables, for example, 

temperature and pH, while reducing the frequency 

with which medication must be administered. 

Localised Drug Delivery 

 

Hydrogel can be used for topical application for local 

management of inflamed tissue. 

Protection of Sensitive Drugs 

 

Hydrogels protect from the UV light, enzymes, Ph 

changes make them perfect. 

Biocompatibility and Mimicking of 

Biological Tissues 

 

Biocompatiblehydrogels copy natural tissue to 

encourage no immune response and increased 

biomedical acceptance by the body. 

Minimal Invasiveness 

 

Administration of hydrogels is non-invasive,  

Help for patient comfort and increased compliance 

withthe treatment of eye, wound 

Customisation and Flexibility 

 

Formulating a complex polymer needs balancing 

stability, biocompatibility, and release characteristics. 

Table 1: Benefits(11) 

 

• Limitations 

Key Features Detailed Description & Therapeutics Impact 

Complexity in Design: 

 

Some cross-linkers, degradation products, and other 

stimuli-responsive elements may cause skin rash or 

allergic reaction. 

Potential for Irritation and Allergic 

Reactions: 

 

Some components of stimuli-responsive hydrogels' 

capacitycan cause a rash on the skin or cause an 

allergy. 

Limited Drug Loading Capacity: 

 

Hydrogels’ high moisture level prevents them from 

having a high dose of therapeutic agents available for 

drug delivery, and because networks within the 

hydrogel may be incompatible, additional therapeutic 

agents will not function effectively. 

Challenges in Scaling Up 

Production: 

Challenges relatedtomaking smart hydrogels at a 

large scale include developing appropriate methods 
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 for quality control and consistency. 

Difficulty in Regulatory Approval: 

 

Regulatory approval can be difficult for stimuli-

responsive systems because they needreal safety and 

efficacy testing, especially for novel polymer 

compositions and degradation products. 

 

Table2:Limitations(11) 

 

Future Perspectives 

Future hybrid hydrogels designed with AI-

guided, 4D-bioprinted technologies through the use 

of organ-on-chip platforms will allow researchers to 

create personalised medicine. The capacity to take 

the place of the variable matrices characteristic of 

naturally derived materials (e.g., Matrigel) with 

standardised, programmable synthetic hydrogels can 

enable researchers to fine-tune their physical and 

biochemical signals, which supports the continued 

evolution of organoid technology by optimising the 

microenvironment for organoid cells.  

 

II. Conclusion 
AI-guided engineering will help programmable 

hydrogels overcome the limitations of current 

manufacturing and drug-loading processes. The 

valuable synthetic microenvironments created by 

replacing variable matrices offer a way of 

connecting multifunctional materials with patient-

specific clinical therapies. 
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