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ABSTRACT 

Objective: The present study aimed to develop and characterize Chitosan coated Alginate Nanocapsules loaded with M-Insulin Concanavalin A 
Complex for glucose-responsive delivery.  

Methods: Preformulation studies were performed on the Insulin human recombinant and the Nanocapsules were prepared by the ionic gelation 
method and coated with chitosan using electrostatic attraction. The formulation variables were optimized using Box-Behnken design (BBD) with 
the help of Design-Expert® Software. Three independent variables taken were the concentration of chitosan (A1), the concentration of sodium 
alginate (A2), and the stirring rate (A3). The response variables selected were the average particle size (nm) (B1), polydispersity index (B2), and 
cumulative release (%) (B3).  

Results: The results from the Preformulation studies indicated that the received sample of the Insulin human recombinant was pure. The optimized 
nanocapsules possessed an average particle size of 382.4 nm, PDI 0.211 and zeta potential of 30.25 mV. The entrapment efficiency was found to be 
79.2 %. The nanocapsules were further characterized for their surface morphology using TEM and were found to be of regular shape. The in vitro 
drug release study indicated that the nanocapsules were able to release 58 % of M-insulin in hyperglycaemic conditions for 12 h.  

Conclusion: The outcomes of the study demonstrated that the developed nanocapsules can be effectively used for glucose-responsive delivery of M-insulin.  
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INTRODUCTION 

Type I Diabetes Mellitus (T1DM), also known as Insulin-dependent 
diabetes mellitus, is a metabolic disease caused by the inability to 
produce Insulin within the body leading to hyperglycemia [1]. T1DM 
and the associated secondary complications such as neuropathy [2], 
retinopathy [3], nephropathy [4], and cardiovascular diseases [5] 
are the major causes of mortality. T1DM and its associated 
complications have caused 4.2 million deaths in 2019 [6] and 6.7 
million deaths in 2021 [7]. The casualties with T1DM and its 
associated secondary complications are expected to increase 
exponentially in the upcoming years. The current treatment for 
patients suffering from T1DM involves glucose measurements and 
insulin injections multiple times a day [8]. Many types of insulins, 
such as long-acting, intermediate-acting, short-acting and rapidly-
acting, are already available [9–12]. The regular administration of 
insulin to patients is not only painful and inconvenient, but the 
fluctuations in the glycemic levels also lead to the development of 
secondary diabetes-associated complications. Despite the regular 
insulin injection, sufficient maintenance of blood glucose levels in the 
normoglycemic range is yet to be achieved. Thus, a glucose-responsive 
system that can release insulin based on the glucose concentration in 
the blood has the potential to improvise the current diabetic 
treatment. Various approaches have been attempted in the past such 
as the development of insulin infusion pumps [13–15]; however, many 
challenges, including the lack of signal and inadequacy in the detection 
of glucose levels are yet to be addressed [16].  

Different approaches for the glucose-responsive release of insulin 
have already been reported by researchers. Such systems were 
based on phenylboronic acid (PBA) [17], a plant lectin (Concanavalin 
A) [18] and pH-responsive systems based on enzyme (Glucose 
oxidase) [19, 20]. Since Concanavalin A has an affinity toward 
glucose, it can be utilized for the fabrication of the glucose-
responsive nanosystem. To overcome the shortcomings of current 
therapy, we have developed a glucose-responsive nanosystem that 
can release Maltose insulin in response to glucose levels. The 
nanosystem (nanocapsules) is based on encapsulating derivatized 
insulin (Maltose insulin) bound to the concanavalin A which has a 

well-reported affinity for glucose. Box-Behnken Design (BBD) is 
used for the efficient optimization of the formulation variables. The 
Maltose insulin Concanavalin A complex was encapsulated within 
the nanocapsules prepared by sodium alginate and chitosan to 
achieve the desired glucose-responsive delivery for the treatment of 
diabetes mellitus. 

MATERIALS AND METHODS 

Materials 

Insulin Human Recombinant and Low molecular weight Chitosan 
were procured from Sigma Aldrich, United Kingdom, Sodium 
Alginate was purchased from Central Drug House (P) Ltd., New 
Delhi, India. Calcium chloride (fused) and Buffer tablets pH 7.4 were 
purchased from Loba Chemie Laboratory Reagents and Fine 
Chemicals, Thane, India. D-Glucose was purchased from Qualigens 
Fine Chemicals, Mumbai, India. Dialysis tubing (Molecular weight cut 
off 12000-14000 Dalton) was obtained from Himedia Laboratories, 
Mumbai, India. All other reagents used during the experiments were 
of analytical grade.  

Preformulation studies  

Preformulation studies are defined as the preliminary process of 
determining the physicochemical properties of the drug and the 
excipients, which are crucial for the preparation of the effective, safe 
and highly stable dosage form [21]. These studies are carried out to 
determine the optimum conditions for the preparation of dosage 
forms with desired characteristics.  

Physical properties 

The physical attributes of the Insulin human recombinant such as 
colour, nature and odour were examined in broad daylight. 

Partition coefficient 

Briefly, 10 mg of Insulin human recombinant was accurately 
weighed and poured into a volumetric flask containing 10 ml of n-
Octanol (organic phase) and 10 ml of PBS pH 7.4t (aqueous phase). 
The volumetric flask containing the immiscible phases with the 
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Insulin was placed on an orbital shaker for 24 h at ambient room 
temperature. After the completion of 24 h both the phases i.e., 
organic and aqueous phases were separated using the separating 
funnel [21]. The concentration of the Insulin was determined in the 
aqueous phase using the UV Visible Spectrophotometer (Orion 
Aquamate 8000, Thermo Fisher Scientific, USA) at λmax 276 nm. The 
partition coefficient was calculated using the formula:  

Partition coef�icient

=
Concentration of drug in organic phase (Corg. )
Concentration of drug in aqueous phase (Caq. )  at Equilibrium 

Solubility studies 

The solubility of Insulin human recombinant was determined in 
various aqueous and non-aqueous solvents [22] such as distilled 
water, 0.01 M HCl, PBS pH 7.4, ethanol, and chloroform and recorded 
in table 1. 

UV spectroscopy 

The UV spectrum of Insulin human recombinant was obtained using 
the UV Visible Spectrometer (Orion Aquamate 8000, Thermo Fisher 
Scientific, USA). Accurately weighed 10 mg of Insulin human 
recombinant was taken in a volumetric flask and dissolved in a 
minimum quantity of PBS pH 7.4; finally, the volume was made up to 
10 ml using PBS pH 7.4. Approximately, 3 ml of a clear solution of 
Insulin human recombinant in PBS pH 7.4 was taken in a quartz 
cuvette and kept in the sample holder of a UV spectrophotometer. The 
absorbance was measured in the photometric mode in the scanning 
range from 200 to 400 nm and the λmax was determined [23].  

FTIR spectroscopy 

FTIR Spectrum of the Insulin Human Recombinant was obtained 
using FTIR Spectrophotometer (Agilent Cary 630 FTIR spectrometer, 
CA USA). A small amount of Insulin Human Recombinant was placed 
onto the top of the sample holder and pressed using the knob. The 
drug was then analyzed using the Agilent microlabs PC software to 
obtain the IR Spectrum [24]. 

Quantitative estimation 

The Insulin human recombinant was estimated by UV absorption 
using a spectrophotometer. Accurately weighed 10 mg of Insulin 
Human Recombinant was taken in a volumetric flask and the 
volume was made up to 10 ml using phosphate buffer pH 7.4. 
Aliquots of volume 0.1-1.0 ml were carefully pipetted out from the 
stock solution and the volume was made up to 10 ml using 
phosphate buffer pH 7.4 to prepare the sub-stock solutions of 
concentrations ranging from 100 to 1000 μg/ml [25]. The aliquots 
were then analyzed using UV Visible spectrophotometer (Orion 
Aquamate 8000, Thermo Fisher Scientific, USA) and the 
absorbance values were measured at wavelength maxima 276 nm 
against the blank. The calibration curve was constructed by 
plotting the absorbance against concentration. 

Preparation, optimization and characterization of chitosan-
coated alginate nanocapsules loaded with M-insulin con A 
complex (CANCs) 

Preparation of CANCs 

The Maltose Insulin was synthesized using the method reported in 
the literature [26] and was complexed with Concanavalin A [27]. The 
alginate nanocapsules were prepared using the ionic gelation 
method reported by Shen et al., [28]. Briefly, 1 % w/v sodium 
alginate dissolved in 10 mmol HEPES buffer (pH 7.4) and 20 mmol 
calcium chloride were used to form the alginate nanocapsules. 5 mg 
of M-Insulin Con A complex was incorporated in the alginate 
solution before the formulation of nanocapsules. The obtained M-
insulin Con A complex loaded alginate nanocapsules were coated 
using Chitosan. The coating solution was prepared by dissolving 0.5 
% w/v low molecular weight Chitosan in 1 % v/v acetic acid. The pH 
of the coating solution and alginate nanocapsules suspension was 
adjusted to 4.6 and 4.9, respectively [29]. The coating solution was 
then added dropwise in the alginate nanocapsules suspension and 
stirred for 30 min at 1000 RPM. The prepared CANCs were then 
centrifuged for 30 min at 10000 RPM and 4 °C using the ultra-

centrifuge (Z36 HK, Hermle Labortechnik, Germany). Different 
formulation variables such as Chitosan concentration, Alginate 
concentration and stirring rate were optimized to obtain CANCs with 
minimum average particle size, low polydispersity index and 
maximum cumulative release.  

Optimization of variables  

The process variables used in the preparation of nanocapsules were 
optimized using the Response Surface Model (RSM) approach using 
a 3-factor, 3-level Box-Behnken design (BBD) [30]. The RSM was 
utilized to study the impact of independent variables on the 
dependent variables for the optimization of the nanocapsules. The 
three factors or independent variables considered for the study 
were the concentration of Chitosan (0.5 %, 1.0 % and 1.5 %) (A1), 
the concentration of sodium alginate (0.8 %, 1.0 % and 1.2 %) (A2) 
and the stirring rate (900, 1000 and 1100 RPM) (A3). The Average 
Particle Size (B1), Polydispersity index (B2), and Cumulative Release 
(B3) were the dependent variables or chosen responses. 

Characterization of optimized CANCs 

The prepared optimized CANCs were characterized for various 
parameters, including average particle size, polydispersity index and 
zeta potential through photon correlation spectroscopy (Zetasizer 
Nano-ZS90 instrument, Malvern, UK); the shape and surface 
morphology of the optimized CANCs were determined by using 
transmission electron microscopy (TEM-FEI Technai G2 12 Biotwin, 
FEI Company, USA).  

Percentage entrapment efficiency 

The percentage entrapment efficiency of the optimized CANCs was 
determined by an indirect method [31]. The suspension of CANCs 
was centrifuged at 15000 RPM for 10 min using the ultracentrifuge 
(Z36 HK, Hermle Labortechnik, Germany) and the supernatant was 
separated and filtered using a 0.22 µm filter. The supernatant was 
then analyzed for the M-Insulin content by measuring the 
absorbance at 276 nm using the UV Visible spectrophotometer 
(Orion Aquamate 8000, Thermo Fisher Scientific, USA). The 
percentage entrapment efficiency was determined using the 
formula:  

% Entrapment ef�iciency

=
Total amount of M Insulin added − Amount of M Insulin in supernatent

Total amount of M Insulin added X100 

In vitro release study 

The in vitro release of maltose insulin (M-Insulin) from the chitosan-
coated alginate nanocapsules (CANCs) was studied in glucose 
mediums with different molar concentrations [18]. The M-Insulin-
Con A complex loaded CANCs suspension was kept in a dialysis bag 
(MWCO 12000-14000, Himedia Laboratories, India). The dialysis 
was performed by placing the dialysis bags in glucose mediums with 
different molar concentrations of 2.77 mmol/l (hypoglycemic 
condition), 5.55 mmol/l (normoglycemic condition) and 11.1 
mmol/l (hyperglycemic condition). The samples were withdrawn at 
regular intervals and the sink condition was maintained during the 
process. The dialysis was performed for 12 h in each medium at 37 
°C with continuous stirring. The amount of M-insulin released in the 
medium was analyzed by UV Visible spectrophotometer (Orion 
Aquamate 8000, Thermo Fisher Scientific, USA) at λmax 276 nm.  

Statistical analysis 

Design-Expert software (Version: 13.0.9.0 Stat-Ease, Inc., 
Minneapolis, USA) was used to perform the statistical optimization 

RESULTS AND DISCUSSION 

Preformulation studies 

Insulin Human Recombinant was procured as white crystalline, 
odourless powder. The physical appearance, colour and nature were 
found to be in accordance with that reported in the literature. The 
partition coefficient of Insulin Human Recombinant was performed 
in n-Octanol and PBS (pH 7.4) and the log P value was found to be 
0.827 suggesting the hydrophilic nature of the drug (table 1). The 
absorption maximum of the drug in PBS pH 7.4 was measured by UV 
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Visible spectrophotometer (Orion Aquamate 8000, Thermo Fisher 
Scientific, USA) and the characteristic absorbance was obtained at 
276 nm (fig. 1A). The calibration curve of Insulin Human 
Recombinant was prepared in PBS pH 7.4 using the UV-Visible 
Spectrophotometer. The aliquots of concentrations ranging from 
100 to 1000 μg/ml were made in PBS (pH 7.4) and analyzed at 276 
nm. The graph showed linearity with a correlation coefficient value 
of 0.9997 and the equation of the line was Y = 0.001x − 0.0026 (fig. 
1B). The FTIR spectrum of Insulin Human Recombinant has shown 

the presence of different characteristic groups (fig. 1C). The peaks in 
the FTIR spectrum were found to be in accordance with the reported 
literature [32] and confirmed the presence of desired functional 
groups peaks at 3283.7 for N-H stretching, 1640.02 for characteristic 
Amide-I (N-H Bending), 1513.2 for Amide-II (N-H), 1386.5 for C-N 
Stretching (aromatic amines) and 1233.7 for C-N Stretching 
(Aliphatic amines) (table 1). It can be concluded from the 
Preformulation studies that the procured drug i.e., Insulin Human 
Recombinant used in the present study was pure. 

 

Table 1: Physical appearance, partition coefficient and solubility of Insulin human recombinant in various solvents 

Physical properties Experimental observation 
Colour White 
Odour Odourless 
Nature Crystalline 
Medium Partition Coefficient (O/W) 
n-octanol: PBS (pH 7.4) 0.827 
Solvent Solubility 
0.01M HCl ++++ 
PBS pH 7.4 ++++ 
Distilled water ++ 
Chloroform --- 
Ethanol --- 
IR absorption band (cm-1) Assignments 
3283.7 N-H Stretching 
1640.029 Amide I N-H bending 
1513.299 Amide II (N-H) 
1386.5 C-N Stretching (aromatic amines) 
1233.749 C-N Stretching (aliphatic amines) 

---Insoluble, ++++Freely soluble, ++soluble 

 

 

Fig. 1: A. UV spectrum of insulin human recombinant in PBS pH 7.4, B. Standard/Calibration curve of insulin human recombinant in PBS 
pH 7.4 at λmax 276 nm, C. Comparison of IR Spectra of insulin human recombinant in reference and test sample 

 

 

Fig. 2: Scheme for the preparation of Chitosan coated Alginate nanocapsules loaded with M-Insulin Con A complex 
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Preparation of chitosan-coated alginate nanocapsules loaded 
with M-insulin concanavalin a complex (CANCs) 

The Maltose insulin was synthesized using the method reported in 
the literature [26]. The M-insulin was then bound to the lectin (Con 
A), which has a well-established affinity toward glucose [27]. The M-
Insulin Con A complex obtained was incorporated into the Alginate 
nanocapsules [28] and then the capsules were coated using chitosan 
by the method reported by Bruno et al., [29] (fig. 2). 

Optimization of variables  

Box-Behnken Design (BBD) was utilized to determine the optimum 
value of different independent variables (table 2). A total of 17 
formulations of nanocapsules (CANC1-CANC17) were prepared and 
their 3D response curves were generated using Design-Expert 
software (Version: 13.0.9.0 Stat-Ease, Inc., Minneapolis, USA) (fig. 3). 

The concentration of Chitosan (A1) (%), the concentration of 
sodium alginate (%) (A2) and stirring rate (RPM) (A3) were used 
as dependent variables for the preparation and optimization of 
the Chitosan coated Alginate nanocapsules loaded with M-Insulin 
Con A complex. The optimization was carried out by keeping all 
the other variables constant.  

The prepared CANCs were characterized for different 
parameters such as average particle size (nm), polydispersity 
index (PDI) and cumulative release (%). The responses obtained 
for different evaluation parameters are shown in table 3. The 
polynomial equation obtained from the experimental design is:  

Y = β0 + β1 A1 + β2 A2 + β3A3 + β4A1A2 + β5A1A3 + β6A2A3 +
β7A!

2 + β8A2
2 + β9A3

2  …….. Equation 1

 

Table 2: Independent and dependent variables levels used in the box-behnken design 

Factor independent variables Levels used 
-1 0 1 

A1 = Concentration of Chitosan (%) 
A2 = Concentration of Sodium Alginate (%) 
A3 = Stirring rate (RPM) 

0.5 
0.8 
900 

1.0 
1.0 
1000 

1.5 
1.2 
1100 

Dependent Variables Constraints 
B1 = Particle size (nm) 
B2 = Polydispersity index (PDI) 
B3 = Cumulative release (%) 

Minimize 
Less than 0.5 
Maximum 

 

Table 3: Coding, composition and physicochemical properties of all prepared CANCs 

Run Formulation 
code 

Factors (Independent variables) Responses (Dependent variables) 
Concentration of chitosan 
(%) 

Concentration of sodium 
alginate (%) 

Stirring 
rate (RPM) 

Particle 
size (nm) 

PDI 
 

Cumulative 
release (%) 

1 CANC1 1.5 0.8 1000 569.3 0.425 22 
2 CANC2 1 1 1000 405.6 0.211 58 
3 CANC3 0.5 0.8 1000 386.6 0.187 56 
4 CANC4 1.5 1 900 643.5 0.543 37 
5 CANC5 1.5 1.2 1000 647.5 0.641 21 
6 CANC6 1 1 1000 414.1 0.199 55 
7 CANC7 0.5 1 1100 389.3 0.147 58 
8 CANC8 1 1 1000 410.7 0.216 57 
9 CANC9 1 0.8 900 487.6 0.441 39 
10 CANC10 1.5 1 1100 594.6 0.488 23 
11 CANC11 1 1.2 1100 494.1 0.462 28 
12 CANC12 1 1 1000 413.5 0.214 56 
13 CANC13 1 1.2 900 489.8 0.486 27 
14 CANC14 1 0.8 1100 419.6 0.358 32 
15 CANC15 0.5 1.2 1000 382.4 0.157 42 
16 CANC16 1 1 1000 409.7 0.197 55 
17 CANC17 0.5 1 1000 382.4 0.211 58 
 

All three responses (B1, B2 and B3) generated for the model were 
found to have higher statistical significant values (P>0.0001). The 
responses obtained for R2 values ranged between 0.9957 and 0.9989 
indicating that the data generated by the polynomial equation 
(Equation 1) was an excellent fit. The lack of fit ranged from 0.1609 

to 0.3191 for the generated models and was found to be not 
significant, demonstrating that the proposed model was suitable. 
The difference between adjusted R2and the predicted R2 for all the 
models was found to be less than 0.2 affirming the excellent fit of the 
models (table 4). 

 

Table 4: Model summary and fit statistics for various dependent variables Average particle size (PS), Polydispersity index (PDI) and 
Cumulative release (CR) 

Independent variable Source Sequential p-value Lack of Fit p-value Adjusted R² Predicted R² R2 
PS Quadratic <0.0001 0.1609 0.9975 0.9874 0.9989 
PDI Quadratic <0.0001 0.2417 0.9955 0.9794 0.9980 
CR Quadratic <0.0001 0.3191 0.9901 0.9589 0.9957 
 

Impact of independent variables A1, A2 and A3 on average 
particle size (B1) 

The quadratic equation 2 for the impact of independent variables on 
average particle size (B1) is as follows:  

Average Particle Size (B1)  =  410.72 + 114.28 A1 + 18.84 A2 −
13.21 A3 + 20.60 A1A2 − 13.95 A1A3 + 18.07 A2A3 + 57.70 A1

2 +
28.03 A2

2 + 34.03 A3
2 …….. Equation 2. 

The average particle size of the prepared nanocapsules was found in 
the nanometric range (table 3) with the minimum particle size of 
382.4 nm at 0.5 % w/v Chitosan concentration and increased to 
particle size was up to 647.5 nm on increasing the concentration to 1.5 
% w/v. The increase in the particle size with an increase in chitosan 
concentration may be because of the ionotropic interactions [33] and 
also due to intramolecular hydrogen bonding between the positively 
charged chitosan at pH 4.6 and negatively charged carboxylic acid 
residues of the alginate nanocapsules [34](fig. 3A). 
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Fig. 3: 3D response curves obtained for  the effects of var ious independent var iables such as Chitosan concentration, Sodium alginate 
concentration and stir r ing r ate on dependent var iables such as A. Average par ticle size, B. Polydisper sity index and C. Cumulative release (% ) 

 

Impact of independent variables A1, A2 and A3 on polydispersity 
index (B2) 

The quadratic equation 3 for the impact of independent variables on 
the polydispersity index (B2) is as follows:  

Polydispersity Index (B2)  =  0.2074 + 0.1744 A1 + 0.0419 A2 −
0.0283 A3 + 0.0615 A1A2 − 0.0023 A1A3 + 0.0148 A2A3 +
0.0278 A1

2 + 0.1173 A2
2 + 0.1121A3

2  …….. Equation 3 

The polydispersity index (PDI) was found in a relatively narrow 
range of distribution i.e., from 0.147 to 0.641. It was observed that 
the polydispersity index of the CANCs was increased with an 
increase in the chitosan concentration. This may be due to the 
formation of large aggregates of the CANCs due to the electrostatic 
attraction of chitosan with alginate nanocapsules. The result 
demonstrated that the low concentration of Chitosan produced 
CANCs with narrow size distribution [34] (fig. 3B). 

Impact of independent variables A1, A2 and A3 on cumulative 
release (%) (B3) 

The quadratic equation 4 for the impact of independent variables on 
cumulative release (%) (B3) is as follows:  

Cumulative Release (B3) = 56.20 − 13.87 A1 − 3.87 A2 − 2.50 A3 +
3.25 A1A2 − 3.50 A1A3 + 2.00 A2A3 − 4.23 A1

2 − 16.73A2
2 − 7.97A3

2 
…… Equation 4 

It was evident from the above quadratic equation 4 that the impact 
of chitosan concentration (A1) on the cumulative release of the M-
insulin was significantly higher as compared to the other two 
factors. The cumulative release of M-insulin from the CANCs was 

found in the range of 21% to 58%. The chitosan concentration (A1) 
has a significant impact on the cumulative release of the M-insulin 
from the CANCs (fig. 3C). The cumulative release from the prepared 
CANCs decreased with an increase in the chitosan concentration 
which can be ascribed to the decrease in the contact surface due to 
the production of large size CANCs with low surface area. Another 
probable reason for the decrease in the cumulative release with an 
increase in the chitosan concentration may be due to the 
deposition of the thick layer of chitosan polymer onto the surface 
of the alginate resulting in the narrowing of the pores and 
formation of additional polymeric barrier thicker than calcium 
alginate-based membrane [35].  

The design of expert software suggested total of 3 solutions for the 
CANCs with the desirability value of 1.000, indicating the high 
predictability and robustness of the developed model. Optimized 
nanocapsules were selected based on maximum desirability with 
minimum average particle size and distribution (polydispersity 
index) and maximum cumulative release. The concentration of 
chitosan (A1) (0.554 % w/v), the concentration of sodium alginate 
(A2) (0.907 % w/v) and stirring rate (A3) (974.753 RPM) were the 
components of the suggested composition of optimised CANCs (table 
5). Out of the seventeen CANCs prepared, the experimental result of 
the formulation CANC17 was found to be near the predicted values 
of the responses. The predicted values for the average particle size 
(B1), polydispersity index (B2), and cumulative release (B3) were 
364.973 nm, PDI 0.122 and 64.334 % and the observed values 
corresponding to the average particle size (B1), polydispersity index 
(B2) and cumulative release (B3) were 382.4 nm, 0.211 and 58.0 %, 
respectively. Thus, the CANC17 was selected as an optimized 
formulation for further characterization. 

  

Table 5: Suggested solutions for the selection of optimized CANCs with desired responses 

Number A1 A2 A3 B1 B2 B3 Desirability  
1 0.554 0.907 974.753 364.973 0.122 64.334 1.000 Selected 
2 0.526 0.976 1072.593 371.107 0.106 62.366 0.526  
3 0.556 0.981 1074.074 371.723 0.115 61.625 0.556  
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The optimized nanocapsules (CANC17) formulation was then 
characterized for average particle size and zeta potential using the 
dynamic light scattering method (fig. 4A). The shape and surface 
morphology of the prepared CANCs were evaluated using 
Transmission Electron Microscopy (TEM).  

The TEM study indicated that the prepared CANCs were of regular 
shape with a smooth surface and the diameter of the nanocapsules 
corroborates with the findings of the DLS measurement (fig. 4B). 
The chitosan-coated alginate nanocapsules were prepared by 
interaction of the positively charged chitosan (pka ∼6.3) at pH 4.6 

with the negatively charged alginate nanocapsules [29]. The result 
from the DLS measurement demonstrated that the zeta potential of 
alginate nanocapsules changed from-25.72 mV to 30.25 mV (fig. 4C 
and 4D). This inversion of charge from negative to positive indicated 
the interaction of chitosan with the alginate nanocapsules and the 
formation of an intact chitosan coat on alginate nanocapsules (CANCs). 
The entrapment efficiency of the CANCs was evaluated using the 
indirect method and was observed to be 79.2 %. No leakage of M-
insulin was observed during the coating process of the chitosan on the 
alginate nanocapsules.

 

 

Fig. 4: Characterization of CANCs A. Graph for average particle size and particle size distribution obtained from DLS measurement, B TEM 
image of CANCs at 200 nm resolution, C Graph showing the zeta potential of the alginate nanocapsules before coating with Chitosan, D. 

Graph showing the zeta potential of the prepared CANCs 
 

In vitro M-insulin release in response to glucose concentration was 
examined by placing CANCs within a dialysis bag. The dialysis bags 
containing CANCs were kept in a beaker with different glucose 
concentrations of 2.77 mmol/l, 5.5 mmol/l and 11.1 mmol/l, 
respectively at 37 °C under continuous stirring. The release of M-
Insulin was also assessed in the absence of glucose i.e. in plain PBS 
pH 7.4. The CANCs did not displayed release of the M-Insulin in plain 
PBS pH 7.4 medium and in the medium with a glucose concentration 
of 2.77 mmol/l (Hypoglycemic level). However, an exponential 
increase in the release of M-insulin with an increase in glucose 

concentration from 5.5 mmol/l (Normoglycemic level) to 11.1 
mmol/l (Hyperglycemic level) was observed (fig. 5). This might be 
attributed to the glucose concentration-dependent competitive 
binding of glucose with Con A and replacement of M-insulin. The 
increase in the release of the M-insulin into the medium was 
attributed to the swelling of the CANCs due to the diffusive 
movement of water molecules from the surrounding medium and 
the widening of the pores in the CANCs. It was found that 
approximately 58.0 % of the M-Insulin was released in the dialysing 
medium with high glucose concentration in 12 h. 

  

 

Fig. 5: In vitro M-insulin release study in mediums with different glucose concentrations 
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CONCLUSION 

In conclusion, we report a novel platform for the glucose-responsive 
delivery of M-Insulin through nanocapsules. The formulation is 
designed to provide glucose affinity-driven replacement and self-
regulated Maltose insulin delivery over a long period of time. The 
formulation was found to be effective in regulating the release of M-
insulin for up to 12 h during in vitro studies and holds a great 
potential application for the glucose-responsive delivery of Insulin. 
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