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The chitosan (CT), a polysaccharide that has excellent properties for use as biomaterials, shows cationic 

nature and properties of high charge density in acidic solutions, thus CT can form complex 

polyelectrolyte (PEC) with polyanionic moieties such as the chondroitin sulfate (CS), a key component of 

cartilage matrix. We studied the reorganization of chains on 3D matrix of CT/CS PEC at  swollen state in 

different conditions of pH and immersion time. It was  verified that this PEC (QT/CS) has the capacity to 

reorganize its 3D matrix but it depends of the pH of the medium in which it is swelled and the time that 

remains immersed. The reorganization of the 3D matrix is caused by the reordering of the chains forming 
the PEC after the release of the CS, that occurs mainly at pH values higher than or close to the pKa of 

CT (pKaCT) . Such reorganization was detected by X-ray diffraction profiles and allows an increase in 

crystallinity, thermal stability and pore size of the PEC. This shows that the PEC produced can be 

processed to suit its use as biomaterial, applied i.e. as drugs release devices. 
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Introduction 

 In recent years many publications report the growing interest in the study of so-

called biomaterials, specially in biotechnology, due to several advantages that they have 

over other materials (low toxicity, biocompatibility, etc.) and a wide range of 

applicability
1
. Among these applications, the production of systems for controlled drugs 

release
2
, which demonstrate significant superiority when compared to conventional 

forms of administration (spray, pills, injections, etc.) may be mentioned
3
. One of the 

materials used in producing these systems is chitosan (CT), a linear copolymer of D-

glucosamine and N-acetyl-D-glucosamine units linked by β (1→4), usually derived 

from the chitin, a natural polymer
4
. Many projects have been developed with the use of 

chitosan, due to its excellent physical-chemistry and biological properties
5
.  

The chitosan is insoluble in water, but it is soluble in water containing dilute 

organic (such as acetic) or inorganic (such as hydrochloric) acids resulting in viscous 

solutions. The solubility of chitosan is related to the amount of protonated amino groups 

(-NH3
+
) in the polymer chain. The higher the amount of these groups, the greater the 

electrostatic repulsion between the chains is and also the greater will be the water 

solvation
6,7

. Due to its cationic nature and properties, the chitosan can form water-

insoluble polyelectrolytes complex (PEC) with water soluble polyanionic moieties
8
. 

Reorganization of the 3D matrix of polyelectrolytes 

complexes of chitosan/chondroitin sulfate swollen in 

different conditions of pH and immersion time 



Depending on the pH-environment in which PECs are swelled, they exhibit high 

density of loading and different behaviors of swelling. Thus, this allows the diffusion of 

water and/or molecules of solutes, such as drugs and proteins inward or outward of 3D 

of PEC matrix. The pH-sensitive characteristic of chitosan makes this polymer an 

interesting material to act as carrier for controlled release of drugs from a PEC-based on 

CT matrix.  

In this work the chondroitin sulfate (CS), a polyanionic polysaccharide, was 

used to form polyelectrolyte complex with CT. The chondroitin sulfate is part of the 

family of glycosaminoglycans and its chains are described as alternating copolymer of 

β(1,4)-D-glucuronic acid and β(1,3)-N-acetyl-D-galactosamine which may be sulfated 

on the C4 and C6 carbons. It is an important structural component of tissue and its 

connections and it is a key component of cartilage matrix
9
. This biopolymer is extracted 

from bovine aorta and has been used for a long time in combating diseases related to 

atherosclerosis, thrombosis, hiperlidemia and osteoarthritis
10

. 

Many reviews discuss the formation and implementation of PEC systems based 

on CT and CS, but little attention is paid for studying and understanding the structure of 

these materials. According Piai et al
11

 after the release of fraction of CS from swollen 

CT/CS PEC, a reorganization of the 3D matrix of PEC occurs in a range of pH between 

6 and 12. In this work, we studied the behavior of chain reorganization on the 3D matrix 

of PEC formed by CT and CS when swelled in different conditions of pH and 

immersion time, as a continuation of such study done in our lab
11

. 

 

Experimental 

Materials: Chitosan, 15% acetylated (supplied by Golden-Shell Biochemical, China, 

Mv 87 KDa, according to method proposed by Mao
12

). Chondroitin sulfate (supplied by 

Solabia, Brazil, Mv equal to 22 KDa, according to the method proposed by Wasteson
13

).  

PEC synthesis: Solutions of CS and CT were prepared and mixed to obtain a desired 

CT/CS ratio. Hence, 100mL of CS aqueous solution, with conc. equal to 25,00%(wt/v), 

was poured slowly into 400mL of CT acid aqueous solution, with conc. equal to 1,64% 

(wt/v). This resulting solution was stored so that the precipitation of material occurred.  

The PEC formed overnight was thereafter purified by immersion in distilled water for 

24 hours. After, the purified-swollen PEC was cut into small cubes and immersed in 

tubes containing buffer solutions varying the pH from 2 to 10 for different periods of 

time. The buffer solutions were produced by the National Book of Formulas - United 



States Pharmacopoeia (USP30-NF2520)
14

. Were produced buffer solutions in a range of 

pH 2 to 10, showing concentration equal to 50 mmol L
-1

 and ionic strength constant, 

equal to 0.1 mol L
-1

 by the addition of KCl. 

Reorganizing the 3D matrix of PEC: The small cubes were swollen in the following pH 

values-buffer solutions: 2, 6, 8 and 10, at 37 ° C for 100, 200, 400 and 800 hours. The 

dried-samples were sent for analysis of:  

i) wide angle X-ray scattering (WAXS):  PECs were also characterized using a 

diffractometer Shimadzu model XRD-600, with scattering angles from 2  = 5º to 70º  

with resolution of 0.02° and goniometric speed equal to 2  = 2º min
-1

. The analyses 

were made using electron beams of Cu-Kα (  = 0.15418 nm), caused by the application 

of an acceleration of 40.0 kV and a current with intensity of 30.0 mA. There were not 

replicates of these analysis. 

ii) differential scanning calorimetry (DSC) and thermogravimetry (TGA): These 

tests were performed using a calorimeter (Netzsch, model STA 409 PG/4/G Luxx, 

USA) with scanning performed at a rate of 10 ° C min
-1

 under an atmosphere of 

nitrogen with a flow rate of 20 mL min
-1

 in a range of temperature from 22 to 400ºC. To 

perform theses analysis were used about 100 mg of the material in each technique and 

there were not replicates of these analysis. 

  The changes in morphology of the material, due to immersion in different pHs 

and at different times, were analyzed through scanning electron microscopy (SEM). To 

obtain the images of PEC swollen in different conditions of pH and intervals of time 

after being removed from the containers were cut into thin segments and frozen in liquid 

nitrogen for 5 minutes and then lyophilized for 48 hours. The images were obtained 

using a scanning electron microscope (Shimadzu, model SS 550) with an acceleration 

voltage of 8 KeV. The surfaces of  lyophilized PECs were gold-sputtered for SEM 

visualization. Images were made of 12 samples are shown in this work but only 7 

showed that greater relevance. 

Results and Discussion 

Figure 1 presents the WAXS profile of pure polymers (CT and CS) and of PEC 

after swelled in pH 2, 6, 8 and 10, at different times of immersion. Two diffraction 

peaks, the one at 2  = 10.8
o
 and the other at 2  = 19.9

o
 can be seen in the CT 

diffractograms, which emphasize the existence of crystalline domains in the structure of 

this polysaccharide. The diffractograms of CS show a broad signal of low intensity with 



maximum 2  = 21.9
o
 that characterizes the low crystallinity of CS. The WAXS profiles 

of CT and CS do not change with the pH of immersion or with the immersion time as 

occur with the PEC of CT/CS, as described in this work. Analyzing the diffractograms 

of the PEC at pH 2 (Figure 1a), no diffraction peak is observed, even after 800 h of 

immersion. Under the conditions of pH 6, 8 and 10 (Figures 1b, 1c and 1d), differently 

that occurs at pH 2, high intensity diffraction peaks are observed at 2  = 43.8º and 

64.2º. The appearance of these peaks was due to the rearrangement of polymer chains 

within the PEC matrix. This fact shows that when swollen in buffer solutions with a pH 

lower than  the pKaCT (approximately 6.2), no formation of crystalline structure 

between the polymer chains within the PEC matrix is observed in the after-dried 

material. 

 

Figure 1. X-ray diffraction profiles of pure polysaccharide and polyelectrolyte complex of CT/CS           
swollen in pH 2, 6, 8 and pH 10. 

 

That behavior observed at pH 2 was due to the fact that the amino groups of CT 

are protonated (-NH3
+
) and would strongly interact by electrostatic interaction with the 

sulfate groups (-OSO3
-
, pKa value close to 2.60)

15
. In addition to the strong electrostatic 

interactions, there are also interactions among the intra and inter-chains of polymers 

through H-bonds that make the remaining CS entrapped inside the 3D matrix of the 

PEC. This fact implies in non-releasing of CS from the 3D matrix of polyelectrolyte 

complex when the ionic interactions prevail as observed in a previous work from our 

lab
11

. When the PEC was swelled in buffers with pH values near or above the pKaCT 



(about 6.2) the chains of both polymers reorganize to form, within the 3D matrix, 

crystalline regions how as observed in the diffractograms through the appearance of 

peaks. These diffraction peaks at pHs higher than pKaCT were more intense due to the 

fact that the amino groups of CT remain in their neutral form (-NH2), while the 

hydrogensulfate (-OSO3H) and carboxylic (-COOH) groups of the CS, which have pKa 

equal to 2.60 and 4.57, respectively, remain not-protonated and  negatively charged. 

With the increase in the number of negatively ionized groups, significant repulsion 

among these negative charges takes part, which enables a significant increase in the rate 

of release of the CS chains of the 3D matrix of the PEC. The release of the CS allows 

the remaining CS chains to interact with the CT, reorganizing the structure to form the 

crystalline detected through the WAXD technique.  

From Figure 1 it can be pointed out that when swelled in buffers of pHs 6-10 the 

after-dried CT/CS PEC forms a crystalline structure with different periodic distances. 

Applying the Bragg’s law, it was possible to calculate the characteristic periodic 

distances on crystalline PEC after swelled in buffers at pH 6, 8 or 10. The values 

obtained for the periodic distances were 2.06 Å for 2  = 43.8
o
 and 1.45 Å for 2  = 

64.2
o
. From the diffractograms, it was also possible to calculate the areas of peaks and 

the ratio between them at pHs 6, 8 and 10 and at different immersion times, as shown in 

Table 1. The area ratios of diffraction peak at 2  = 64.2
o
 to the area of 2  = 43.8

o
 are 

also presented in Table 1. It can be seen that such ratio increases at higher pH of buffer 

solution and at longer immersion times. It can be inferred that organization let the 

diffraction peak at 2  = 64.2º to prevail at pH 10 and long immersion times (400h).  

 

Table 1. Areas of the peaks obtained by X-ray difratogramas of Figure 1 and the area-ratio 64.2o/43.2o. 

Condition of 

swelling 

Area of the peaks (u.a.) Area-ratio  

 2  = 43.8º 2  = 64.2º (64.2º/43.8º) 

pH 6 – 100 h 439.03 131.33 0.299 

pH 6 – 200 h 553.93 228.66 0.413 

pH 6 – 400 h 652.85 413.26 0.633 

pH 6 – 800 h 789.4 676.18 0.869 

pH 8 – 100 h 333.49 184.04 0.552 

pH 8 – 200 h 595.08 358.26 0.602 

pH 8 – 400 h 724.53 525.32 0.725 

pH 8 – 800 h 990.19 937.71 0.947 

pH 10 – 100 h 313.63 197.04 0.629 

pH 10 – 200 h 674.43 515.19 0.764 

pH 10 – 400 h 778.61 683.15 0.877 

pH 10 – 800 h 1054.47 1023.39 0.971 



 

We assess that immersion of CT/CS-based PEC at pH 6 and up to 200 h there is 

a predominance of the crystalline structure related to periodic distance of 2.06 Å in 

comparison to another one of 1.45 Å. However, when the time of immersion at pH 6 is 

higher than 400 h the ratio 64.2
o
/43.2

o 
increases mainly at pH 10 showing that the 

remaining chains in PEC were reorganized to form a structure with lower periodic 

distance 1.45 Å. Figure 2 shows an illustrative scheme proposed for the transition 

between a coiled structure, formed by the electrostatic interactions between the chains 

of the CT and the CS  and formation of crystalline regions caused by the reorganization 

of the 3D matrix that is pointed out to occurs simultaneously to the releasing of the CS.  

 

Figure 2. Schematic illustration of the transition from entangled structure and the formation of crystalline 

regions in the PEC in the range of pH 
 

DSC measurements were used with the aim of characterizing the changes in 

thermal profile of the material due to reorganization of the chains of the 3D matrix of 

PEC. The thermograms of pure polysaccharides are shown in Figure 3a and the ones of 

after-swelled PEC are presented in Figures 3b (pH 6), 3c ( pH 8) and 3d (pH 10), for the 

immersion times of 100, 200, 400 and 800 h. No tests were carried out on DSC for the 

condition of immersion at pH equal to 2, because the analysis of respective WAXS 

profile showed no crystalline domains in the after-swelled material even immersed for 

800 hours. 



 

Figure 3. Thermograms of CT and CS polysaccharides (a). Thermograms of swollen PEC in 

pHs:  6(b), 8(c) and 10(d) for four different immersion times. 
 

The thermograms of pure polysaccharides (Figure 3a) show the endothermic 

event at temperature range of 50 to 150°C that was attributed to water evolution. This 

range was omitted in the other thermograms presented in Figure 3b-d. The thermograms 

of the CS (Fig. 3a) show a strong exothermic peak at 246 ºC, while the thermograms of 

CT present an exothermal peak at 307°C. Both peaks are attributed to the degradation 

temperature of pure polysaccharides (data confirmed by TGA analysis but not shown 

here). After the formation of the CT/CS PEC, Du et al
2
 suggested, that the strong 

electrostatic interactions between charged groups of unlike polysaccharides cause the 

loss of part of the H-bonds among groups of intra or inter-chains of a such 

polysaccharide, causing the rupture of crystal structures of individual polymers. This 

fact indicates that the formation of the PEC would change the thermal stability 

compared to pure polysaccharides. 

Analyzing the other thermograms (Figures 3b-d) it is clear that the pH in which 

the PEC is swollen and the time at which the PEC remains immersed, strongly influence 

the temperature at which the exo and endothermic events occurs and also the area of 

respective the corresponding peaks on the thermogram. As earlier discussed, when the 

PEC is swollen in buffers where the pH is near or greater than pKaCT, a significant 

reduction in the electrostatic attraction among the functional groups of the two 



polysaccharides occurs. While the amino groups, in the CT are stabilized, for example 

by hydroxyl groups (-OH
-
) the sulfate and carboxylate groups, present in CS, are 

negatively charged causing an increasing of the repulsion among the chains. This 

repulsion causes a large destabilization in 3D matrix of PEC, which in turn will produce 

a thermal profile similar to that presented by the pure polysaccharides. Note that at 

higher pHs and longer immersion times, the exothermic events observed in 

thermograms of PEC, become larger  in area and appear at higher temperatures. 

Already, the endothermic event, also observed in the thermograms presented, in turn 

replaced by lower intensities and higher temperatures when the pH and time of 

immersion is increased.  

Figure 4 refers to the images (through SEM) of PEC of CT/CS swelled in buffer 

of pH 10 in the four different studied immersion times. Analyzing the images, it seems 

that the pores of various sizes are heterogeneously distributed in the material. With the 

help of the Size Meter  software, version 1.1, the average size of pores was calculated 

for each immersion condition and the values obtained are given in Table 2. 

 

Figure 4. SEM images of PECs swollen in pH 10 within the time of 100, 200, 400 e 800 h. 

 

 From the Table 2, it can be said that a relative increase in the average size of the 

pores of PEC occurs, especially in conditions of higher pHs and longer immersion 

times. This shows that the two factors studied in this work, pH of buffer where the PEC 

is swelled and time of swelling increase the average pore size of the material. In  the 



Figure 5, are shown images of PEC, dumped over 400 hours in three different 

conditions of pH and this increase of pore size is again displayed.  

 

Figure 5. SEM images of PECs swollen for 800 hours under conditions of pH 6, 8 and 10. 

 

Table 2. Average pore size of PECs varying the immersion time and pH condition. 

Immersion time (h) 
Average pore size ( m) 

pH 6 pH 8 pH 10 

100 9.9 10.2 14.2 

200 10.2 12.7 14.8 

400 12.5 16.4 18.3 

800 14.0 17.8 19.9 

 

It is worth to be mentioned that even the PEC showing only physical interaction, 

by electrostatic and H-bond types, thus no effective covalent bond among the two 

unlike polymer chains, they showed considerable physical stability. The releasing of the 

CS occurs mainly at pH > pKaCT and the remained CS chains in the PEC rearrange to 

produce a more organized material. So the value of average pore size depends of pH of 

buffer in which the PEC was swelled and also of the immersion time. 

 

Conclusion 

Polyelectrolyte complex CT/CS (50/50 wt-%) was synthesized and presented  

the capacity of reorganizing its 3D matrix. Depending of the pH of buffers and the 

immersion time, peaks on WAXS profile are observed. The ratio area of diffraction 



peaks changes as the pH and immersion time is increased. The reorganization of the 3D 

matrix is caused by the reordering of the chains forming the PEC after the release of the 

CS that occurs mainly at pHs greater than or close to the pKaCT. This increase in 

crystallinity of the material produces an increase in thermal stability of the PEC as 

observed in the thermograms analysis by DSC. The average size of pores, as visualized 

by SEM, became higher when the pH of buffer is increased.   

This work is a continuation of the one done by Piai et al.
11 

in which the
 

reorganization of the 3D matrix of the CT/CS PEC was investigated. It was shown that 

the as-treated PEC can be tailored to provide adequate properties, related to crystallinity 

and pore size, to be used as biomaterial, for example as drug release devices. 
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