
 
 

 

 
 

  

 
 
 
 
 
 

                                                                                                                                  Original Article 

 

Iranian Journal of Pharmaceutical Sciences 
2024: 20 (3): 227- 241 

https://journals.sbmu.ac.ir/IJPS 

 

Formulation Development and in-vivo/in-vitro Characterization of 

Novel Glucose Responsive Hydrogel for Insulin Delivery 

 

Rupesh A. Saindanea,c* and Sharwaree R. Hardikarb,c 
 

aDepartment of Pharmaceutics, MET Institute of Pharmacy, Nashik, MH, 422003 India, bDepartment of Pharmaceutics, 

SSWVSM's Tatyasaheb Kore College of Pharmacy, Warananagar, 416113 MH, India, cDepartment of Pharmaceutics, SGRS 

College of Pharmacy, Saswad Dist Pune MH, 412301 India. 

 

Abstract 

 Glucose-responsive delivery systems intelligently regulate insulin release in response to fluctuating blood 

glucose levels, offering a more controlled approach to diabetes management. The current study introduces a novel 

glucose-responsive hydrogel system for enhanced insulin delivery. The hydrogel, formulated from chitosan and 

Poloxamer 407, exhibits unique thermo-responsive and pH-sensitive characteristics, making it suitable for 

subcutaneous insulin delivery. The research encompasses comprehensive in vitro and in vivo analyses to evaluate 

the formulation's efficacy and responsiveness to glucose concentrations. In vitro studies demonstrated that the 

hydrogel's solubilization rate varies with pH and glucose levels, crucial for controlled insulin release. Notably, 

the hydrogel exhibited an extended and more stable control of blood glucose levels compared to conventional 

insulin treatments. One significant finding is the hydrogel's rapid in vivo gelation and biodegradability, indicating 

its safety and effectiveness in a physiological environment. In vivo experiments conducted on diabetic rats 

showcased the hydrogel's glucose-responsive behavior. Moreover, the hydrogel's ability to modulate insulin 

release in response to changing glucose levels was distinct from traditional insulin therapies, highlighting its 

potential to manage multiple hyperglycemic episodes after a single dose. Overall, this research marks a significant 

advancement in insulin delivery systems. The development of this glucose-responsive hydrogel system presents 

a promising approach for achieving more controlled and stable blood glucose levels in individuals with diabetes, 

potentially enhancing their quality of life. The findings suggest opportunities for further optimization, particularly 

in insulin content, to tailor the system to the specific needs of the diabetic population. 
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1. Introduction  

The World Health Organization defines 

diabetes mellitus as a chronic, metabolic 

disease characterized by elevated blood glucose 

levels leading to severe cardiac, ocular, renal, 

and neural complications [1]. Ranking among 

Corresponding Author: Rupesh A. Saindane, Department 

of Pharmaceutics, M. E. T's Institute of Pharmacy, Nashik 

Bhujbal Knowledge City, Adgaon, Nasik-422003, 

Maharashtra, India.   E-mail: rupeshsaindane@gmail.com   
 

Cite this article as: Saindane RA, Hardikar SR. Formulation 

Development and In-vivo/ In-vitro Characterization of Novel 

Glucose Responsive Hydrogel for Insulin Delivery. J. Pharm. 

Sci., 2024, 20 (3): 227- 241. 
 

DOI: https://doi.org/10.22037/ijps.v20i3.44381 

 



Saindane RA and Hardikar SR / IJPS 2024; 20 (3): 227- 241 

228 

the top four non-communicable diseases 

globally, diabetes has consistently risen in 

incidence and prevalence. Currently, about 537 

million adults, or 10.5% of the population aged 

20-79, are estimated to have diabetes, with 

projections indicating an increase to 11.3% 

(643 million) by 2030 and 12.2% (783 million) 

by 2045 [2]. 

Exogenous insulin therapy is crucial for 

managing hyperglycemia, especially in Type 1 

diabetes, and is also used in advanced Type 2 

diabetes cases. Despite its effectiveness, 

traditional subcutaneous insulin administration 

poses challenges like hypoglycemia, variable 

patient adherence, and potential hospitalization. 

Therefore, developing an insulin delivery 

system that can sense blood glucose levels and 

adjust insulin release is vital for optimal 

diabetes management [3–5]. 

Enzyme-based polymeric hydrogels, 

notably those using pH-sensitive polymers and 

glucose-reactive enzymes, have shown promise 

in overcoming the limitations of conventional 

insulin therapy [6] These systems utilize 

enzymes like glucose oxidase, which are 

solutions upon injection and form in-situ gels in 

response to physiological stimuli like 

temperature or pH. This enzyme converts 

glucose into gluconic acid, decreasing the 

microenvironment's pH and increasing insulin 

release in response to blood glucose 

concentration [7]. 

However, challenges exist, such as the 

oxygen dependency of the glucose-to-gluconic 

acid conversion and hydrogen peroxide's 

inhibition of glucose oxidase activity [8] 

Integrating an enzyme like catalase, which 

consumes hydrogen peroxide and generates 

oxygen, can enhance the functionality of 

glucose-responsive systems [9]. 

Chitosan, a biocompatible and 

biodegradable natural polymer, is extensively 

used in hydrogel delivery systems due to its pH-

responsive solubility and high mechanical 

strength, making it suitable for glucose-

responsive drug delivery [10, 11]. However, 

chitosan often requires adjuvant agents like 

Poloxamer to enhance its drug delivery 

capabilities [12–15]. Poloxamers, amphiphilic 

triblock copolymers, show temperature-

dependent sol-gel transitions and are used to 

modulate in situ gel formation at body 

temperature [16]. 

In the current study, we developed a 

glucose-responsive insulin delivery system 

combining chitosan, poloxamer, glucose 

oxidase, and peroxidase to optimize diabetes 

management by addressing current therapy 

challenges.  

2. Materials and Methods 

2.1. Materials 

Actrapid (Human Insulin) 40IU/ml Solution for 

Injection, manufactured by Novo Nordisk India 

Pvt Ltd., was acquired from a local pharmacy. 

Poloxamer 407 (Lutrol MC-127) was kindly 

provided as a gift sample by BASF India. 

Chitosan, with a 90% degree of deacetylation, 

was purchased from Sisco Research Lab, 

Mumbai. All other chemicals used were of 

analytical grade, ensuring the reliability and 

accuracy of the experimental procedures. 

2.2. Optimization of Chitosan and Poloxamer 

Concentrations and Preparation of Glucose 

Responsive Hydrogels 

A pH and temperature-responsive hydrogel 

system was developed by optimizing 

concentrations of chitosan (20-26% w/w) and 
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Poloxamer 407 (1.5-2% w/w). The 

formulations were prepared by modifying the 

cold method reported earlier [17] Briefly, 

chitosan was dissolved in 1.0% acetic acid to 

form Solution A, which was sterilized and 

stored under refrigeration. Solution B, 

consisting of Poloxamer 407, was dispersed in 

water, refrigerated for 72 hours, sterilized, and 

then supplemented aseptically with glucose 

oxidase and peroxidase enzymes. The two 

solutions were then mixed gently and 

aseptically. The final formulation was 

completed by aseptically adding 50IU of 

insulin. Placebo hydrogels and Chitosan-

Poloxamer (CS-PO) Hydrogels without Insulin, 

glucose oxidase, or peroxidase were prepared 

using the same methodology. 

2.3. Physical Characterization 

The final formulation, placebo hydrogel, and 

CS-PO hydrogel were assessed visually for 

their physical appearance and pH. 

2.4. Thermal Characterization  

Thermal properties of the Chitosan solution, 

Poloxamer solution, final formulation, placebo 

hydrogels, and CS-PO hydrogels were analyzed 

using Differential Scanning Calorimetry. 

Samples in aluminum crucibles were heated 

from 30-350°C at a rate of 10°C/min in a 

nitrogen atmosphere, with the results analyzed 

using STARe 9.20 Software. 

2.5. In Situ Sol-Gel Transition Properties 

The gelling temperature of the Poloxamer 

Solution, final formulation, placebo hydrogel, 

and CS-PO hydrogel were recorded using the 

Vial tilting method [18] A fast vial flip method 

determined the gelling time and the effect of 

temperature on the gelling time. Briefly, sol 

was exposed to different temperatures in a vial, 

and the time at which it ceased to flow was 

noted as the gelling time[19] This research 

focuses on subcutaneous insulin delivery, 

necessitating that the hydrogels be compatible 

with clinical needles. An injectability study 

assessed the feasibility of delivering hydrogels 

through commonly used 23G and 26G needles. 

2.6. Solubility Study 

pH-dependent and glucose-dependent 

solubility studies were performed on the CS-PO 

polymeric system and optimized formulation. 

Solubilization rates were calculated as per 

Equation:

 Solubilization =
Initial  weight – weight at time ‘t’

Initial weight
×100  

2.7. In Vitro Release Profile 

The in vitro drug release from the final 

formulation at different glucose concentrations 

was determined as a function of time. [20] 0.5 

ml of the final formulation was allowed to gel 

at 37C. The resulting gel was placed in 5 ml 

phosphate buffer pH 7.4 in an orbital shaking 

incubator at 37C at 70 rpm. Drug release was 

determined at different glucose concentrations, 

viz. 100, 300, 500 mg/dl. The amount of Insulin 

released was determined by the Biuret method 

on a UV-visible spectrophotometer at 546 nm. 

In another study, the ability of the 

formulation to release insulin as a response to 

the changing glucose concentration was 

evaluated by monitoring insulin release at 

fluctuating glucose levels. The study was 

designed similarly to the in vitro drug release. 

However, 1 mL of gel was taken and exposed to 

5ml of phosphate buffer pH 7.4 containing 100 

mg/dl, 300mg/dl, or 500 mg/dl glucose. The gel 

was exposed to one buffer for a specific time, and 
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then it was removed from that buffer and exposed 

to a buffer with a different glucose concentration. 

The amount of insulin released was determined at 

each point in time. 

2.8. In vivo Gelling Behavior 

An in vivo gelation study was performed on 

Sprague Dawley rats, assessing the occurrence of 

swelling at the injection site and the presence of gel 

residue post-swelling. Once the swelling at the 

injection site subsided, the animals were 

euthanized. The injection site was dissected to 

check for any residual gel and signs of tissue 

damage, and biodegradability and biocompatibility 

were confirmed. 

2.9. Induction of Diabetes in Rat models 

The experimental protocol followed the 

Organization for Economic Cooperation and 

Development (OECD) guidelines [21] All animal 

experiments followed institutional guidelines, and 

the Committee approved the procedure for Control 

and Supervision of Experiments on Animals 

(CPCSEA). Efforts were made to minimize the 

number of animals used for experimentation. 

A total of 16 male Sprague-Dawley rats were 

used in this study. The rats were housed in a 

controlled environment with a 12-hour light/dark 

cycle at a temperature not exceeding 25°C, with 

free access to laboratory chow and water. 

Diabetes was induced in rats by the method 

described by Kim et al. [22]. The test animals 

were administered a daily dose of 

intraperitoneal 120 mg/kg Alloxan dissolved in 

distilled water. The rats' blood sugar levels 

were measured using a glucometer to confirm 

the induction of rats. Rats with blood glucose 

levels above 250 mg/dL were considered 

diabetic and included in the study after a week 

of stabilization. 

2.10. Comparative in-vivo efficacy in diabetic 

Rats 

The comparative in-vivo efficacy of the study 

formulation against a placebo and a conventional 

insulin formulation was evaluated in diabetic rats. 

The rats were divided into four groups (n=4 per 

group), each receiving a different formulation. 

The non-diabetic control group received an 

equivalent volume of the vehicle. In contrast, 

diabetic groups received a placebo formulation, 

commercial conventional insulin formulation, or 

the Glucose Responsive Hydrogel 

subcutaneously. as outlined in Table 1. 

An oral glucose dose of 2 g/kg was 

administered to all animals at 0- and 6 hours 

post-gel administration. Blood samples (500 µl) 

were taken from the tail vein at specified 

intervals (0, 0.5, 1, 2, 4, 6, 8, 12, and 24 hours). 

Following each sampling, the rats were given 1 

ml of normal saline to maintain stable central 

compartment volume and electrolyte balance. 

Blood glucose levels were measured using a 

glucometer, and the results were analyzed to 

compare the efficacy of the formulations based 

on blood glucose level variations. 

 

Table 1. Comparative Study Groups for Evaluating Efficacy of Different Formulations in Diabetic Rats. 

Treatment 

Group 
Description Treatment Formulation Dose 

Control Healthy rats receiving normal saline Normal Saline 0.2 ml 

Placebo Diabetic rat receiving Placebo Blank CS-PO gel without Insulin, GOD, and POD 0.2 ml 

1 Diabetic rats receiving marketed formulation Commercial Insulin (Actrapid Human Insulin) 4 IU/kg 

2 Diabetic rat receiving test formulation Glucose Responsive Hydrogel (Final Formulation) 4 IU/kg 
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3. Results and Discussion 

3.1. Optimization of Chitosan and Poloxamer 

Concentrations and Preparation of Glucose 

Responsive Hydrogels 

Developing the CS-PO hydrogel system 

required a careful optimization of the 

concentrations of its two main components, 

Chitosan and Poloxamer 407, to achieve the 

desired sol-gel transition properties conducive 

for glucose-responsive delivery. 

The initial experiments involved testing a 

range of Chitosan and Poloxamer 407 

concentrations. While some formulations (F1, 

F2, F5, and F6) did not form gel up to 50°C, 

others (F3, F4, F7, and F8) demonstrated 

gelling at room temperature within 5 to 15 

minutes. However, these initial formulations 

did not exhibit ideal characteristics for glucose-

responsive release. 

Based on the initial findings, further 

optimization was pursued. Formulations F13 

and F14, with lower Chitosan concentrations 

and slightly varied Poloxamer 407 levels, 

showed promising sol-gel transitions at 32°C 

within 6 to 8 minutes. These formulations 

suggested a more effective concentration range 

for the desired hydrogel properties. 

Subsequent trials led us to the formulation 

comprising 1.5% Chitosan and 20.5% 

Poloxamer 407, which exhibited gel formation 

in 5.38 minutes at 32°C. This concentration was 

determined to be optimal for the development 

of our glucose-responsive CS-PO hydrogel 

system.  

These findings underpin the critical role of 

precise polymer concentration in developing an 

effective CS-PO hydrogel system, with 

implications for its use in glucose-responsive 

drug delivery applications. The details of 

formulation compositions are summarized in 

Table 2. 

 

Table 2. Optimization Chitosan and Poloxamer 407 Concentrations. 

Formulation 

Code 

Chitosan 

Concentration (%) 

Poloxamer 407 

Concentration (%) 
Observation 

Initial Screening 

F1 2.0 20 No gelling up to 50°C 

F2 2.0 22 No gelling up to 50°C 

F3 2.0 24 Gelled at room temp within 10 minutes 

F4 2.0 26 Gelled at room temp within 5 minutes 

F5 1.5 18 No gelling up to 50°C 

F6 1.5 20 No gelling up to 50°C 

F7 1.5 21 Gelled at room temp within 15 minutes 

F8 1.5 22 Gelled at room temp within 10 minutes 

Optimization Phase 

F9 2.0 22.5 No gelling up to 50°C 

F10 2.0 23 Gels at room temp within 15 minutes 

F11 2.0 23.5 Gels at room temp within 10 minutes 

F12 1.5 20.2 Gels at 40°C 

F13 1.5 20.4 Gels at 32°C within 8 minutes 

F14 1.5 20.6 Gels at 32°C within 6 minutes 

F15 1.5 20.8 Gelled at room temp within 10 minutes 

Optimized Formulation 

Optimal 1.5 20.5 Gels in 5.38 minutes at 32°C 
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3.2. Physical Characterization 

All the hydrogel systems existed as a 

transparent and viscous solution at room 

temperature. The CS-PO hydrogel was a 

yellow-colored solution attributable to the 

presence of chitosan. In comparison, the 

Placebo hydrogel and Final formulation 

appeared reddish-brown colored. The change in 

appearance can be attributed to the reddish 

color of the peroxidase enzyme. 

The pH of the 1% acetic acid solution was 

2.80. Solubilization of chitosan in acetic acid 

increased pH up to 4.58. Adding Poloxamer 

407 to the formulation did not alter the pH 

significantly. However, the incorporation of 

glucose oxidase (GOD) and peroxidase (POD) 

caused a slight increase in pH up to 4.69. The 

pH of the formulation was recorded at 4.74. 

3.3. Thermal characterization 

The Differential Scanning Calorimetry (DSC) 

thermograms of the Chitosan and Poloxamer 

407 solutions, CS-PO hydrogel, and the 

optimized formulation are presented in  

Figure 1.  

The DSC thermogram of the Chitosan 

solution exhibited a broad endothermic peak at 

approximately 108°C, while the Poloxamer 407 

solution showed a similar peak at 119°C. These 

endothermic peaks are characteristic of the 

evaporation of free and bound water from the 

polymer solutions.  

In polymeric systems, water exists in two 

forms: free water, which evaporates at 

temperatures comparable to bulk water, and 

bound water, which is attached to polymers due 

to hydrophilic interactions and evaporates at 

higher temperatures [23] 

For the CS-PO hydrogel, a sharp 

endothermic peak was observed at 105°C, 

indicating the presence of predominantly free 

water. The final formulation displayed a 

broader endotherm at 107°C, suggesting the 

absence of significant thermal or chemical 

changes during the gelling process. 

 

 

 

Figure 1. DSC thermograms of polymeric solutions, blank hydrogel, and optimized formulation. 
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Compared to the individual polymers, the 

sharper endotherm in the CS-PO hydrogel 

indicates that only free water evaporates, 

leaving the bound water intact within the 

hydrogel. This observation implies that the 

hydrogel system retains more bound water than 

the individual polymer components. The 

presence of water in the hydrogel is crucial for 

maintaining its integrity and solubility, 

facilitating the diffusion of entrapped 

molecules, and contributing to the structure of 

water-filled pores [23] 

Furthermore, the thermogram of the final 

formulation shows a peak with higher enthalpy, 

which is attributed to the unfolding of enzymes 

at elevated temperatures. This peak provides 

valuable insight into the thermal behavior of the 

enzymes within the hydrogel system [23–25] 

3.4. In Situ Sol-Gel Transition Properties 

3.4.1. Gelling Temperature 

The temperature-dependent gelling of the 

current hydrogel system is due to Poloxamer 

407. Thus, the poloxamer solution gelled at the 

lowest temperature compared to the CS-PO gel 

and Formulation. The temperature-dependent 

gelling behavior of Poloxamer stems from its 

Lower Critical Solution Temperature (LCST), 

where hydrophilic polymer-solvent interactions 

are surpassed by hydrophobic polymer-

polymer interactions above a certain 

temperature [26] However, adding Chitosan 

intensifies these hydrophilic interactions 

through hydrogen bonding, necessitating 

greater thermal energy to disrupt these bonds. 

Consequently, the CS-PO hydrogel exhibits a 

higher gelling temperature than the Poloxamer 

solution alone. The gelling temperature of the 

CS-PO hydrogel, as outlined in Figure 2A, 

showed a notable increase compared to 

Poloxamer 407 solutions. This elevated sol-gel 

transition temperature is linked to the 

synergistic interaction between Chitosan and 

Poloxamer 407, stabilizing the polymers in 

solution at higher temperatures. Adding insulin, 

GOD, and POD did not impact gelling 

behavior.  

 

 

Figure 2. In situ sol-gel transition properties for hydrogel systems (A) Gelling Temperature (B) Effect of 

temperature on gelling time (C) Gelling time at 37C. 
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3.4.2. Gelling Time 

A temperature-dependent gelation study was 

conducted to understand the gelling time and 

effects of temperature on the gelation process. 

At 22°C, no gelling occurred, but as the 

temperature rose beyond 27°C, gelation 

occurred more rapidly. However, beyond 47°C, 

further temperature increases did not affect the 

gelation time. The micellar nature of Poloxamer 

can be attributed to this behavior. In aqueous 

solutions, Poloxamers form micelles and 

remain soluble due to hydrogen bonding 

between water and the hydrophilic part of the 

polymer.  

Heating the solution disrupts these bonds, 

leading to increased hydrophobic interactions 

and gel formation [27] At 22°C, the heat was 

insufficient to break the hydrophilic 

interactions. Above 27°C, these interactions 

began to break, but not all at once, requiring 

more time for complete gelation. At 47°C, the 

rate of bond breakage peaked, resulting in 

rapid gelling. Beyond this temperature, an 

increase in heat did not further accelerate 

gelation. The study's findings on temperature 

versus gelling time are illustrated in Figure 

2B. 

Given the intended subcutaneous 

application of the hydrogel, understanding its 

gelling time at body temperature (37°C) was 

essential. An excessively long gelling time 

could lead to burst drug release, while too 

rapid gelation might cause needle clogging. 

The comparison of the gelling times of 

Poloxamer 407 solution, CS-PO Hydrogel, 

and Optimized Formulation at 37°C are 

depicted in Figure 2C. 

The Poloxamer 407 solution gelled rapidly 

at 37°C. In contrast, the CS-PO and 

formulation had similar gelling times, 

remaining in solution for over a minute, which 

was sufficient time for injection post-needle 

insertion. Thus, the study formulation 

demonstrated an adequate gelling time for in 

vivo administration. 

3.4.3. Injectability 

The study revealed that hydrogel could be 

effectively administered using both needle 

sizes. However, differences in the delivery 

pattern were observed due to the smaller 

diameter of the 26G needle compared to the 

23G. When passed through the 23G needle, the 

hydrogel was dispensed in a continuous 

stream, whereas it was released in droplets 

with the 26G needle. Despite these variations 

in flow patterns, both needle sizes allowed for 

the smooth and complete delivery of the 

hydrogel. Figure 3 illustrates the injectability 

of the CS-PO hydrogels using 23G and 26G 

needles, visually demonstrating the 

differences in flow patterns while 

underscoring the effective delivery through 

both needle types.  

 

 

 

Figure 3. Sol-gel behavior of CS-PO Gel (A) Sol 

with fluid meniscus (B) Gel at elevated temperature. 



Glucose Responsive Insulin Delivery 

235 

3.5. Solubility Study 

3.5.1. pH-dependent solubilization: 

While the CS-PO solution demonstrated 

effective thermo-responsive properties, its pH-

sensitive behavior is another essential aspect of 

a glucose-responsive delivery system.  

The solubilization rate of the CS-PO 

hydrogel in response to different pH levels is 

presented in Figure 4A. 

The study confirmed the pH-responsive 

nature of the hydrogel system. The 

solubilization process was rapid at pH 5.8, 

moderately fast at pH 6.8, and slowest at pH 

7.4. This increased rate of solubilization at 

acidic pH levels is likely due to the enhanced 

solubility of Chitosan under such conditions. 

Therefore, the CS-PO hydrogel system, 

comprising Chitosan and Poloxamer, exhibits 

both pH and temperature responsiveness. This 

pH-dependent solubilization characteristic 

was leveraged to transform the system into a 

Glucose-Responsive Delivery System.  

Figure 4A illustrates the comparative 

solubilization rates of the CS-PO hydrogel in 

phosphate buffers at pH 7.4, 6.8, and 5.8 over 

various time intervals, visually depicting its 

pH-sensitive dissolution behavior. 

 

 

 

 

Figure 4. Solubility study of CS-PO hydrogel and in vitro release study of the formulation. (A) pH-dependent 

solubility, (B) glucose-dependent solubility, (C) insulin release at constant glucose concentrations, and (D) insulin 

release at fluctuating glucose concentrations. 
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3.5.2. Glucose-Dependent Solubilization 

This study aimed to evaluate whether glucose 

concentration influences the solubility rate of 

the hydrogel at a constant pH and temperature. 

The findings revealed that solubilization rates 

increased with rising glucose concentrations. 

Initially, solubilization was directly 

proportional to the glucose concentration. 

However, no significant differences in 

solubilization rates were noted after one hour 

between glucose concentrations of 500 mg/dl 

and 300 mg/dl. This trend continued over three 

hours, with 500 mg/dl, 300 mg/dl, and 100 

mg/dl glucose concentrations showing similar 

solubilization rates. Beyond twelve hours, 

glucose concentration ceased to have a 

discernible impact on solubilization. 

The observed decrease in solubilization rate 

is attributed to enzyme inhibition by excess 

substrate, a well-known phenomenon in 

enzymatic reactions [28] In this context, high 

glucose levels likely inhibited Glucose Oxidase 

activity. Additionally, the accumulation of 

hydrogen peroxide, produced from the 

conversion of glucose to gluconic acid, further 

inhibited Peroxidase activity and reduced 

oxygen formation. Consequently, the inhibited 

action of both enzymes and the diminished 

oxygen concentration led to a decreased rate 

and extent of glucose-gluconic acid conversion, 

equalizing the solubilization rates across all 

glucose levels. The results of this study are 

represented in Figure 4B. 

3.6. In Vitro Release Profile 

3.6.1. In Vitro Release at Constant Glucose 

Concentration 

The in vitro drug release from the formulation 

correlates with glucose levels of the medium. It 

exhibits increased insulin release with rising 

glucose concentrations, stabilizing continuously 

after 4 hours. This plateau is critical, indicating 

steady drug release without fluctuations in 

glucose. 

The percentage of cumulative drug release at 

various glucose concentrations, as shown in 

Figure 4C, demonstrates the system's ability to 

augment insulin release in response to increased 

glucose levels. Notably, insulin release at 500 

mg/dl glucose was lower than at 300 mg/dl, 

aligning with the findings from the glucose-

dependent solubilization study and suggesting 

enzyme inhibition by excess substrate. However, 

this in vitro enzyme inhibition is unlikely to be a 

concern in vivo, as released insulin would reduce 

blood glucose levels, thus preventing enzyme 

inhibition. 

3.6.2. In Vitro Glucose-Responsive Insulin 

Release 

The in vitro glucose-responsive release test 

showed that insulin release from the formulation 

adjusts in response to varying glucose levels. An 

increase in glucose concentration led to 

heightened insulin release, whereas a decrease 

caused a reduction in release. This outcome 

differs from previous in vitro release studies. 

Initially, exposure to 100 mg/dl glucose 

triggered insulin release within 15 minutes, 

which intensified with increasing glucose 

concentration to 300 mg/dl. Even after reaching 

a plateau stage, the release rate remained higher 

than at the lower glucose concentration. A 

corresponding decrease in insulin release was 

observed when the glucose level was reduced 

back to 100 mg/dl after 3 hours. 

A subsequent increase to 500 mg/dl glucose 

increased the insulin release rate to higher 
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levels. The formulation maintained a glucose-

responsive release pattern throughout the study. 

However, the insulin released was lower later 

for the same glucose concentration, likely due 

to the diminishing insulin content in the 

reservoir-based system. The graphical 

representation of this glucose-responsive 

release is depicted in Figure 4D. 

3.7. In vivo Gelling Behavior 

Following the subcutaneous (SC) injection of 

CS-PO hydrogel in male Sprague-Dawley (SD) 

rats, swelling was observed under the skin 

within 2 minutes, indicating a rapid sol-gel 

transition in vivo. When these rats were 

subsequently sacrificed and the injection site 

dissected, a firm gel was discovered beneath the 

skin, confirming the in-situ gelling properties of 

the formulation. 

The biodegradability of the CS-PO gel was 

also a critical focus of the study. This aspect 

was evaluated using the same rats from the in 

vivo gelling study. The disappearance of 

swelling at the injection site suggested the 

hydrogel's elimination from the body. Within 

24 hours of post-injection, the swelling had 

subsided. Following this observation, the 

animals were sacrificed, and the injection sites 

were examined. The absence of gel residue at 

the injection sites confirmed the complete 

biodegradability of the CS-PO gel. Moreover, 

no lesions or other signs of injury were noted at 

the administration sites. This lack of adverse 

effects further underscores the safety of the 

hydrogel for in vivo applications. 

3.8. Comparative in-vivo efficacy in diabetic 

Rats 

The in vivo studies on diabetic rats 

demonstrated the glucose-responsive behavior 

of the study formulation. The blood glucose 

levels of the control group, placebo group, 

Treatment Group-1 (receiving conventional 

insulin), and Treatment Group-2 (receiving the 

glucose-responsive formulation) are 

summarized in Table 3 and Figure 5. 

 

Table 3. Blood Glucose Levels for different groups 

during comparative in-vivo efficacy in diabetic Rats. 

Samplin

g Time 

(Hours) 

Average Blood Glucose Levels ( n=4) 

Contro

l 

Group 

Placeb

o 

Group 

Treatmen

t Group 1 

Treatmen

t Group 2 

0 72 349 443 386 

0.5 130 600 458 481 

1 79 536 259 459 

2 132 485 71 319 

4 122 463 84 207 

6 116 435 254 107 

8 117 600 457 443 

10 112 600 600 485 

12 118 600 600 134 

 

 

 

Figure 5. Blood Glucose Levels for different groups 

during comparative in-vivo efficacy in diabetic Rats. 

 

Control Group: Blood glucose levels 

remained stable after administering 2 g/kg oral 

glucose doses at 0 and 6-hour intervals, 

showing homeostasis in non-diabetic rats. 

Placebo Group: The diabetic rats receiving 

placebo hydrogel exhibited consistently high 

blood glucose levels. Post-administration of the 

first oral glucose dose, levels spiked to 600 



Saindane RA and Hardikar SR / IJPS 2024; 20 (3): 227- 241 

238 

mg/dL and then decreased to 435 mg/dL in 6 

hours. The second glucose dose caused levels to 

rise back to 600 mg/dL, remaining elevated for 

the subsequent 6 hours, clearly indicating that 

diabetes was induced in test animals. 

Treatment Group-1: Administration of the 

Actrapid Insulin (conventional formulation) 

injection in this group led to a significant 

decrease in blood glucose levels, reaching 71 

mg/dL within 2 hours post the first oral glucose 

dose, and the normal blood glucose levels were 

maintained for 4 hours. However, levels 

increased after 4 hours, reaching 254 mg/dL at 

the 6-hour. When the second oral glucose dose 

was administered to the test animals in this 

group, the blood glucose levels rapidly 

escalated further and showed blood glucose 

levels similar to that of the placebo group at the 

10-hour point and stayed consistent for 12 

hours. 

Treatment Group-2: This group, receiving 

the glucose-responsive hydrogel (study 

formulation), showed a distinctly different 

response from conventional insulin. After the 

initial oral glucose dose, blood glucose levels 

decreased gradually, normalizing after 6 hours. 

Following the second glucose dose, unlike 

Treatment Group-1, this group's blood glucose 

levels decreased after an initial rise, returning to 

normal levels similar to the control group at the 

12-hour mark. 

The comparative in-vivo efficacy study 

indicates that the study formulation can 

modulate insulin release effectively, providing 

extended glucose control compared to 

conventional insulin. 

Even though the glucose-responsive 

formulation developed in this research showed 

a slower reduction in blood glucose levels 

compared to conventional insulin during the 

first 4 hours, the levels remained significantly 

below those observed in the placebo group. 

This initial lag can be attributed to the rapid in 

vivo gelation of the study formulation, which 

resulted in a slower initial decrease in blood 

glucose levels due to the lower availability of 

insulin compared to conventional insulin. 

Moreover, following the second oral dose of 

glucose (after 6 hours), the blood glucose levels 

in treatment group 2 (receiving the glucose-

responsive formulation) were comparably 

lower. They returned to normal by 12 hours 

post-administration. In contrast, treatment 

group 1 (receiving conventional insulin) 

exhibited elevated blood glucose levels similar 

to the placebo group.  

These observations indicate that the 

glucose-responsive formulation developed in 

this research effectively modulates insulin 

release in response to fluctuating blood glucose 

levels, ensuring that insulin is released when 

needed, thus minimizing the risk of 

hypoglycemia. The reduced administration 

frequency and the hydrogel's glucose-

responsive nature can enhance patient 

compliance and overall diabetes management. 

Furthermore, the hydrogel formulation provides 

a sustained insulin release, resulting in more 

stable and extended control of blood glucose 

levels, thereby reducing the frequency of insulin 

administration. 

Glucose-responsive insulin delivery systems 

offer significant potential for improving diabetes 

management by automating insulin release in 

response to blood glucose levels, reducing the 

need for manual injections. Despite their 
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promise, several challenges need to be 

addressed. Insulin-releasing behaviors, 

especially in systems with high loading 

capacities, often lead to a continuous decline in 

insulin release after meals. This can result in 

hypoglycemia during initial doses and 

insufficient insulin supply as the system 

depletes. Additionally, balancing the frequency 

of insulin administration with the capacity of the 

delivery system is critical. Lower administration 

frequencies reduce pain and infection risk but 

require higher doses, which may harm cells at 

the administration site. Furthermore, the long-

term biosafety of glucose-responsive systems 

remains uncertain due to potential toxicity from 

residual monomers and degradation products. 

Comprehensive studies are necessary to 

understand the metabolic pathways and ensure 

the safety of these systems [29] 

Our glucose-responsive hydrogel 

formulation addresses these challenges by 

providing a sustained release of insulin, which 

ensures prolonged and stable control of blood 

glucose levels while reducing the frequency of 

administration. Unlike rapid-release systems that 

often require frequent administration, our 

hydrogel releases insulin gradually and 

modulates its release in response to fluctuating 

blood glucose levels. This minimizes the risk of 

hypoglycemia and ensures that insulin is 

available when needed, offering a more 

controlled glucose management solution. 

Additionally, our formulation uses 

biocompatible and biodegradable materials like 

chitosan and poloxamer, which reduces the risk 

of adverse reactions and enhances the long-term 

safety profile. The hydrogel's in situ formation 

and glucose-responsive behavior without 

complex chemical modifications make it 

practical for large-scale production and patient 

use.  

We plan to address the initial lag time 

observed in blood glucose reduction further to 

optimize our glucose-responsive hydrogel 

formulation. This can be achieved by fine-tuning 

the insulin content and release kinetics of the 

hydrogel to ensure a more immediate response 

while maintaining the benefits of sustained 

release. Additionally, we aim to conduct 

comprehensive studies to assess the hydrogel's 

long-term bio-safety and metabolic pathways 

and its degradation products. These steps will 

help refine the formulation, enhancing its 

efficacy and safety for managing diabetes. With 

further optimization, particularly concerning the 

initial lag time and insulin content, our 

formulation promises to achieve more controlled 

and stable glucose levels in the diabetic 

population. 

In conclusion, this research successfully 

developed a glucose-responsive insulin delivery 

system. With further optimization of insulin 

content, this formulation holds promise for 

achieving more controlled and stable glucose 

levels in the diabetic population.  

4. Conclusion 

This research successfully developed a novel 

glucose-responsive CS-PO hydrogel system for 

the subcutaneous delivery of insulin, 

demonstrating significant potential for diabetes 

management. The study meticulously 

optimized chitosan and Poloxamer 407 

concentrations to achieve the desired sol-gel 

transition properties. This optimization was 

crucial in creating a hydrogel system that 
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responded effectively to pH and temperature 

changes, requiring a glucose-responsive 

delivery system. 

The in vitro studies showed the hydrogel's 

ideal thermo-responsive and pH-sensitive 

characteristics. The hydrogel's solubilization 

rate varied with different pH levels and glucose 

concentrations, highlighting its potential for 

controlled insulin release. The injectability 

study confirmed the feasibility of administering 

this hydrogel through clinical-grade needles, a 

critical aspect of its practical application. 

In vivo studies in diabetic rats revealed the 

hydrogel's glucose-responsive behavior. 

Compared to conventional insulin treatments, 

the hydrogel demonstrated a prolonged and 

more stable control of blood glucose levels. The 

hydrogel's rapid in vivo gelation and 

biodegradability, coupled with its ability to 

regulate insulin release in response to 

fluctuating glucose levels, marked a significant 

advancement over existing insulin delivery 

methods. 

Furthermore, the hydrogel was fully 

biodegradable, with no adverse effects 

observed at the injection sites, underscoring its 

safety for clinical use. The study formulation 

showed promise in controlling multiple 

hyperglycemic episodes after a single dose, an 

advantage over conventional insulin therapies. 

In conclusion, this research is significant in 

developing glucose-responsive insulin delivery 

systems. The CS-PO hydrogel system 

developed here offers a novel and effective 

approach to diabetes management, with the 

potential for further optimization to cater to the 

specific needs of the diabetic population. This 

system holds promise for enhancing the quality 

of life for individuals with diabetes by 

providing a more controlled and stable 

management of their blood glucose levels. 
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