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INTRODUCTION

Ionic gelation (IG), earlier known as ‘ion-induced gelation’, 
results in nanoparticles (NPs) and microparticles (MPs) 
with defects such as improper surface morphology, 
fragile particulate system, high dispersibility index, 
and lack of proper surface modification sites to attach 
functional moieties.[1-3] Here, we attempt to overcome 
the defects associated with IG synthesis and formulate 
chitosan (CS) NPs, and in principle, compare them with 
the already established microemulsion formulation 
protocols and then to discern their usefulness in drug 
delivery applications such as pulmonary inhalations, 
mucoadhesive systems, oral delivery systems for 
treating peptic ulcers, and finally for intra-tumoral drug 
targeting. All above-mentioned ‘defects’ can be resolved 
by the novel insights gained from the understanding of 
the synthesis mechanisms[4,5] of the IG method.

CS, a natural linear biopolyaminosaccharide obtained by 
alkaline deacetylation of chitin, and second abundant 
polysaccharide next to cellulose.[6] Rendering amino 

(-NH2) and hydroxyl (-OH) groups, CS enables a high 
degree of chemical modification. The N-deacetylated 
product of chitin is an interesting biopolymer to 
prepare MPs and NPs, owing to its unique polymeric 
cationic character, good biocompatibility, non-
toxicity, biodegradability, its mucoadhesivity, and 
absorption-enhancing effects. Chitin is a straight 
chain homopolymer composed of (1, 4)-linked N-acetyl 
glucosamine units, while CS comprises of copolymers of 
glucosamine and N-acetyl glucosamine.[7,8] CS has one 
primary amino group and two free hydroxyl groups for 
each C6 building unit [Figure 1]. Due to the availability 
of free amino groups, it carries a positive charge and 
reacts with many negatively charged surfaces such as 
the cell membrane, mucus lining (due to negatively 
charged sialic acid residues), and also with other 
anionic polymers.[9] CS is a weak base, insoluble in 
water and organic solvents, however, it is soluble in 
dilute aqueous acidic solution (pH < 6.5), which can 
convert the glucosamine units into a soluble form of 
protonated amine (R–NH3

+).[10] CS gets precipitated in 
alkaline solutions or with polyanions and forms a gel 
at a lower pH.[11] Particle size, density, viscosity, degree 
of deacetylation, and molecular weight are important 
parameters of CS, influencing its pharmaceutical 
formulations. The mucoadhesive properties of 
CS [12,13], due to molecular attractive forces formed by 
electrostatic interaction between positively charged CS 
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and negatively charged mucosal surfaces is well documented. 
These properties may be attributed to (a) strong hydrogen 
bonding groups like –OH, –COOH,[14] (b) strong charges,[15] 
(c) high molecular weight,[16] (d) sufficient chain flexibility,[17] 
and (e) surface energy properties favoring spreading into 
the mucus. CS MPs or NPs are the most widely studied drug 
delivery systems for controlled release of drugs, namely, 
antibiotics, antihypertensive agents, anticancer agents, 
proteins, peptide drugs, and vaccines.

MATERIALS AND METHODS

Light liquid Paraffin, heavy liquid Paraffin, hexane, methanol, 
sodium nitrate, and glacial acetic acid (GAA) were procured 
from CDH Chemicals Laboratory, India. CS (degree of 
deacetylation: 85% and viscosity: 800 – 1000 cps), span 85, 
tween 20, sodium chloride, potassium dihydrogen phosphate, 
and dextran sulfate were obtained from Sigma Chemicals, 
USA. Glutaraldehyde, toluene, orthophosphoric acid and 
triethylamine (TEA) were purchased from Qualigens Fine 
Chemicals, India. The dialysis bag membrane (MWCO: 3500) 
was purchased from Sigma, USA. 

Optimized procedure for the formulation of CS MPs using 
the microemulsion cross-linking method
CS was procured at an average molecular weight ranging 
between 3800 and 2,000,000 Da and deacetylated to 66 to 
95%, and was used for these studies. The method used for 
preparation was a modified protocol reported by Wang Y  
et al.[18] Light and heavy liquid paraffin oil (1:1) was taken and 
a mixture of Span 85, Tween 20 (7 – 8% v/v) in a ratio of 10:1 
was added to this, which was then homogenized at 16,000 
rpm for two minutes, to ideally disperse the surfactants in the 
oil base. During homogenization, the CS solution (1% w/v) was 
slowly injected into the oil phase to form an o/w emulsion. 
Homogenization was carried out at 16,000 rpm for about 30 
minutes that resulted in the formation of primary emulsion. 
The cross-linking agent, toluene-saturated-glutaraldehyde 
(1:8), was added to it stage by stage (every hour for a period of 
three hours). The preparation was transferred to a magnetic 
stirrer and left for four to five hours, for stabilization and 
cross-linking. The whole process was performed under light 
protective conditions and the temperature was maintained 
at 37±1°C throughout the experiment. The formulation 
was centrifuged at 8000 g and the sediment recovered and 
washed thrice with n-hexane and acetone. The residue was 

washed with triple distilled water. It was then freeze-dried 
using liquid N2 to generate rocky ice, followed by sublimation 
at -85°C and 05 m torr. The freeze-dried product was a fine 
and free flowing powder, which was collected and stored in 
an air-tight container at 4°C. Optimization of the procedure 
was carried out by varying the process parameters such 
as surfactant concentration, stabilizing time (using cross-
linking agent), concentration of CS (aqueous phase), and 
homogenizing time and speed.

Optimization of process parameters
Several parameters such as change in surfactant 
concentration, change in stabilizing time, change in 
concentration of CS, change in homogenization time 
and homogenization speed were tested and optimized. 
Surfactant concentration was varied from 2 to 7% v/v and 
it was noticed that the optimized surfactant concentration 
(7 – 8% v/v) produced an ideal emulsion with improved 
dispensability. However, it was observed that a surfactant 
concentration of more than 8% (v/v) resulted in an 
agglomeration of particles and ultimately bigger particles 
(unpublished data). The stabilizing / cross-linking time 
was varied and toluene-saturated-glutaraldehyde (8:1) was 
added step by step. In spite of starting with two hours 
of cross linking time, the optimized procedure ended in 
four hours, during which, bound water molecules from CS 
MPs evaporated and cross-linking took place effectively 
(reaction between amino group of CS and aldehyde group 
of glutaraldehyde occurred eventually). Stabilizing for a 
period of four to five hours was found to be effective for 
formulating good cross-linked particles (unpublished data). 
Change in the concentration of the CS solution had a direct 
effect on the particle size of the formulation. Different 
formulations using CS solution of varying concentrations 
were prepared and particle size was analyzed. An ideal 
concentration of 1% (v/v) was used for the formulation of 
CS MPs. Homogenization was carried out for different time 
intervals, and the optimized time for homogenization was 30 
minutes, above which it could generate heat, produced due 
to shear force, and result in agglomeration of the emulsion 
(as observed under the light microscope). A significant 
change in particle size was observed with a change in 
homogenizing speed. Varying homogenizing speeds from 
13,000 to 16,000 rpm resulted in the formulation of finer 
particles (unpublished data).

Cross-linked and non-cross-linked MPs
Cross-linking of MPs during formulation was carried out 
using toluene-saturated glutaraldehyde. Cross-linking of 
particles provided compact fine particles, which dispersed 
quite easily once formulated. During cross-linking of CS 
MPs, the amino group of CS reacted with the aldehyde 
group of glutaraldehyde and resulted in the formation of 
the amino-aldehyde complex (Schiffs base). Cross-linked and 
non-cross linked MPs were analyzed using FTIR (Qualitative 
approach). 

Figure 1: Schematic chemical structure of CS
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Optimized procedure for the formulation of CS MPs using 
the Ionic gelation method
Degradation of high molecular weight CS into low molecular 
weight CS (LMWCS) 
Low molecular weight oligomers were obtained by unspecific 
digestion. One percent (w/v) sodium nitrite solution was used 
to digest the CS polymer into oligomers and monomers, 
and incubated for one week in a shaking water bath (37°C). 
Digested CS was suspended in a dialysis bag membrane 
containing de-ionized water, which restricted the flow 
of oligomers, but allowed the perfusion of water soluble 
monomers in a water bath, thus retaining uniform-sized 
oligomers for the IG method, for synthesis of CS NPs.

Formulation of CS NPs using the IG method
LMWCS (1% v/v) dissolved in acetic acid solution (1% w/v) 
was used throughout the studies in the IG formulation 
method. LMWCS (5 ml) was gently dripped into the 10% 
v/v tripolyphosphate (TPP) and the solution was allowed to 
stand still for five minutes to allow gelation to occur. pH was 
monitored and observed to shift toward alkaline conditions 
(≥7.5) on addition of TPP; and was adjusted to acidic pH using 
1M HCl. The precipitated NPs were washed thrice with water 
to remove excess unreacted TPP and freeze-dried. Mannitol 
1% v/v (cryoprotectant) was used for lyophilization at -80°C 
using a freeze dryer.

Characterization of CS MPs and NPs
Fourier Transform Infrared spectrometry was used to analyze 
the structural purity of the formed CS MPs. Both cross-linked 
and non-cross-linked MPs were analyzed using FTIR. 

RESULTS AND DISCUSSION

Chitosan microparticles were synthesized using the emulsion 
cross-linking technique and the particles exhibited ideal 
shape morphology [Figure 2]. 

Characterization of cross-linked and non-cross-linked MPs using 
FTIR spectrum
FTIR analysis was carried out to find out the cross-linking 
of MPs. In emulsion cross-linking, the amino group of CS 
reacted with the aldehyde group of glutaraldehyde to form an 
amino-aldehyde complex, characterized by FTIR spectroscopy 
[Figures 3 and 4]. The FTIR spectrum highlighted the –NH 
= CH- prominence in the data. Hiding of the amino and the 
aldehyde peaks when compared with that of the non-cross-
linked MPs provided an adequate proof for cross-linking 
of MPs. Prominent bands in the FTIR spectra of non-cross-
linked CS MPs are reported in [Tables 1 and 2]. With the 
data procured, it was found that the (N-H) bending band 
and the (O-H) stretching bands were prominent. This further 
confirmed the presence of active –OH and –NH2 groups in 
the CS MPs formulated. Active hiding of the amino peak in 
the cross-linked CS MPs gave the evidence of cross-linking 
in the MPs. It was observed that (N-H) bending in this FTIR 

Table 2: Swelling Index calculations in different solvents
Solvent used Dry weight  

(mg)
Wet weight  

(mg)
Swelling 

index
PBS (pH7.4) 2.040 2.230 1.01
Normal saline 2.109 2.113 1.001
Triple distilled water 2.154 2.203 1.022

Table 1: Change in particle size with concentration of 
chitosan
Concentration of chitosan (%w/v) D(0.1) D(0.5) D(0.9)*
0.1 0.066 0.128 0.674
0.2 0.065 0.126 0.765
0.3 0.083 0.134 1.014
1.0 0.286 0.533 1.049
2.0 0.076 0.146 1.307
*D(0.9)-Indicates the size of 90% of the particles

Figure 2: CS MPs prepared using the emulsion cross-linking method 
(intrinsic auto fluorescence of Doxorubicin)

Figure 3: FTIR spectrum of CS MPs
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Figure 4: FTIR spectrum of cross-linked CS MPs
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spectrum was less prominent (there was active hiding of the 
–NH2 group) proving the involvement of a reaction between 
the amino group of CS and the -CHO group of glutaraldehyde, 
resulting in the formation of an aldehyde-amino complex (or 
Schiffs base). Hence, these data clearly interpret that our 
optimized formulation protocol rightly generated CS MPs.

In brief, CS MPs were synthesized using the IG method 
and the inner mechanisms were traced using our imaging 
approach supplemented with polymer chemistry studies. The 
molecular weight of CS played a crucial role in the IG method. 
Particle size could be controlled by varying the molecular 
weight of CS [Graph 1]. CS was digested to low molecular 
weight oligomers or monomers using the sodium nitrite-
based degradation technique, which ligated specifically 
at specific chemical links (glycosidase). These digested or 
degraded oligomers were further used for IG formulation 
studies. CS oligomers assumed a straight chain confirmation 
when suspended in GAA [Figure 5a], due to charge-to-charge 
repulsion at protonated amino groups (-NH3

+).

Formation of long chain beaded structures
On reaction with TPP, CS oligomers lose their straight 
chain confirmation and appear looped with or without 
entanglements [Figure 5b]. The degree of entanglement 
depends on the molecular weight of the CS used (LMWCS 
plays an important role). As TPP is an alkaline solution, it 
contains hydroxyl ions and tripolyphosphoric ions (OH-, 
P3O10

5-). There is competition between both these ions to 
bind to the –NH3

+ sites of CS. Random attachment of both 
OH- and P3O10

5- occurs resulting in structures as shown in 
Figures 6a and 6b. On immediate addition of TPP, charge 
neutralization occurs, randomly substituting the positive 
charges of –NH3

+ with negative charges of polyphosphate 
ion, resulting in a complex formation of chain-like beads. 
They appear like a beaded chain, linked to one another, with 
possible sites for scission [Figure 6a and 6b]. They represent 
the formulation reacting with TPP at two minutes of addition 
of TPP. This process of chain formation is totally random, but 
maintains uniformity in terms of its surface morphology. The 
concentration of LMWCS and TPP plays a major role in this 
formulation step. 

Formation of cleave sites
On further observation, at four minutes time interval, several 
points of chain scission develop on acidification [Figure 7a 
and 7b]. These weak sites are capable of detachment or 
scission (mechanical stirring or gentle shaking is also 
beneficial). To retain the ionic cross-linked structure and 
to exclude the remaining hydroxyl group, HCl is added to 
the solution resulting in H+ ions, which first react with 
P3O10

5- ions causing “Chain Scission” to occur, resulting in the 
formation of CS MPs or NPs [Figure 8]. On further addition 
of HCl, certain –NH2 groups exist due to the removal of 
water and the chain assumes a randomly coiled arrangement 
in the form of particles [Figure 9]. Amino (-NH2

+) sites act 

Figure 6a: SEM images of long chain CS beads

Figure 6b: Schematic chemical structure of CS with respect to long 
chain bead formation 
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Graph 1: Change in particle size with concentration of chitosan

Figure 5b: Schematic diagram of CS oligomers with TPP 

Figure 5a: CS oligomers straight chain in GAA (1%v/v) 
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as buffer sites against protons and aid in acid resistance 
by formation of protonated amines (–NH3

+). Such systems 
benefit in drug targeting in gastrointestinal diseases, where 
drug intervention is needed at acidic pH.

Comparison of microemulsion and IG methods
Both methods exhibited controlled cross-linking (cross-linking 
with TPP and cross-linking with glutaraldehyde) depending 
upon the concentration of cross linkers used. The swelling 
index is an important parameter for iv formulations, and it 
also relies largely on the degree of cross-linking of the CS. 
Cross-linking also decides the remnant unreacted groups 
left for the ‘acid resistive’ function of CS at the acidic pH. 
Particle formation is largely influenced by the pH of the TPP 
solution and the ionic cross-linking density. Using both the 
IG and microemulsion techniques, the degree of cross-linking 
can be modulated using simple formulation techniques such 
as varying the ratio of complex formation by changing the 

amount of TPP and CS used in case of IG, and changing the 
amount of toluene-saturated GAA in case of the cross-linking 
technique. Ideally, these formulation techniques resist the 
pH change (by acting as a buffer) and can be potentially 
used for fabricating a tumor-specific drug delivery system. 
On account of its swelling property, tissue fluid can diffuse 
inside CS MPs and NPs via surface pores and sense the core 
(which might contain the drug molecule), thereby acting as 
a smart polymeric drug delivery system.

Although the surface morphology of CS MPs prepared by 
emulsion cross-linking appears fine, the size distribution is 
very broad and does not comply with the pharmaceutical 
standards. Also, polydispersity of CS MPs is far from optimum 
according to pharmaceutical standards per se, when 
compared to the IG method [Figures 2 and 8]. Apart from the 
simplicity of the IG method, the microemulsion formulation 
technique involves the use of harsh chemicals and oil bases 

Figure 7a: SEM image showing cleaves at the weak sites of CS beaded 
chains (represented by arrow marks)

Figure 8: Formation of CS NPs (shown by marked arrows)
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Figure 7b: Schematic representation of ionic cross linking Figure 9: Schematic depiction of lower cross-linked CS bead-acid 
resistive property 
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required for the formation of primary emulsion and cross-
linking, followed by its purification. However, IG uses only 
chitosan and TPP majorly and the excess TPP is washed off 
using solvents (TDW). Unlike the microemulsion method, 
another advantage of the IG method is the ease with which 
the degree of cross-linking and therefore the ‘buffering’ 
activity can be manipulated. Systematic stability studies for 
particles generated by both techniques are essential before 
it can be directly extrapolated for industrial scale up. 
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