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ABSTRACTS : The antimicrobial and antiviral actions of Ag demonstrated to be effective at 
killing a broader range of bacteria including antibiotic-resistance bacteria. Numerous studies 
have been performed on silver-based materials including silver-polymer composites. In this 
work, UV photo-reduction process was used to produce silver nanoparticles from AgN03 in 
chitosan solution in which the silver ions (Ag+) is reduced to (Ag0). The antimicrobial activity 
of silver is dependent of the silver cation Ag+ which binds strongly to electron donor groups 
in biological molecules containing sulphur, oxygen or nitrogen. It is therefore very important 
to study the release of the active species of Ag+ to a pathogenic environment in order to be 
effective. As the antimicrobial efficacy's limit and concentration of silver ions released from 
the chitosan composites lies in the parts per billion ranges, an accurate measurement of the 
low concentration silver is indispensable. The present study used voltammetric analysis to 
measure the very low concentration of silver released into the buffer medium. Transmission 
Electron Microscopy (TEM) analysis was used to demonstrate the existence of silver 
nanoparticles in the chitosan solution. 
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INTRODUCTION 

Silver nanoparticles have been recognized as antimicrobial agent and used in various 

fields which include biomedical, food packaging, waste water treatment, etc. (Yoksan & 

Chirachanchai, 2009). The shapes and sizes of the silver nanoparticles were found to 

have a close relation to its antimicrobial activity. Attempts were made to prepare silver 

nanoparticles with controlled shape, size and size distribution and in most cases, fabrication 

starts from salt precursor, reducing agent and stabilizer. The reduction of silver ions (Ag+) to 

silver metal (Ag0 ) is achieved by using chemical reagents such as NaBH4, (Van Hyning 

et al., 2001) dimethylformamide (Pastoriza-Santos & Liz-Marzan, 2000) and 

hydrazine (Sakai et al., 2006). Other techniques include y-ray irradiation, UV 

irradiation, microwave and ultrasonics (Bogle et al., 2006; Fang et al., 2004) are used to 

overcome the purification step of removing the chemicals used in the process. 

The present work focuses on using UV irradiation to reduce silver ions to silver 

metal in the in situ photo reduction process in chitosan solution. Transmission Electron 

Microscopy (TEM) images demonstrated the distribution of the silver nanoparticles in chitosan 

solution and this is confirmed with the Energy Dispersive X-ray (EDX) spectra. The entire 

process of silver ion release from silver filled polymer composites is crucial in understanding 

the relationship between the release profile and the antimicrobial properties. As the silver 

ion released from the polymer composites is relatively very low in concentration, Anode 

Stripping Voltammetry (ASV) is used in determining the trace amount of metal ions in the 

release medium (Radheshkumar & Munstedt, 2006). The voltammetric principle involves 

applying a pre-concentration potential that is more negative than that of the deposition 

potential of the species to be determined. In this stage, the electrolytic deposition of the 

reducible species (Ag+) onto a working electrode (platinum) surface occurs at a constant 

potential. The second stage consists of the oxidation (stripping) of the reduced metal (Ag0 ) 

by applying an anodic potential to extract the metal back into the solution at a potential 

characteristic of the species under concern. The principle of voltammetric lies in controlling 

the electrode potential and measuring the resulting current. The resulting current 

involved during the stripping of the metal from the electrode surface is proportional to the 

concentration of the redox species at the electrode surface according to the llkovik 

equation (equation 1). 

(1) 

where Ip is the peak current (µA); n is the number of electrons transferred per molecule; A is 

the electrode area (cm2); Dis the diffusion coefficient (cm2/s); vis the scan rate (V/s); tis the 

enrichment time (s) time during which silver ions were deposited onto the electrode from the 

analyte); C is the concentration of the ions in the solution (g/1). 
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This work utilizes the ASV method to quantitatively monitor the silver ion release into the 
medium in which several chitosan samples in the form of paste, film and sponge were tested 
for their release profile. 

MATERIALS AND METHODS 

Local pharmaceutical grade non water soluble chitosan derived from prawn with 
deacetylation degree of 90 % and molecular weight of 100 kDalton was purchased 
from Hunza Nutriceuticals Sdn. Bhd. Perak, Malaysia. Whilst water soluble chitosan 
sourced from China was purchased from · Sigma Aldrich. The analytical grade high 
purified silver nitrate salt was purchased from Sigma Aldrich, 100 % acetic acid, glycerol and 
sodium hydrogen carbonate in analytical grade were obtained from Fluka Chemical. 

Preparation of silver-chitosan specimens 

A range of 2 to 2.85 % w/v of non water soluble chitosan solution was prepared by dissolving 
chitosan powder in 1 % v/v acetic acid. The mixing process of the mixture was carried out for 
24 hours and pH of the solution was maintained at 5.5 by using sodium hydrogen carbonate. 
In situ photo reduction of the solution was performed by ultraviolet irradiation (Amax of 365 nm) 
with 250 W powers. 

Transmission Electron Microscopy (TEM) 

Specimens for TEM (Technai 12) were prepared by slowly evaporating one drop of non water 
soluble chitosan and water soluble chitosan at room temperature on a 400 mesh copper grid 
which was covered by a carbon supported film. 

Sample preparation for silver ions release 

Samples in film, paste and sponge form (triplicates for each type of samples) with different 
concentration of chitosan and Ag+ were immersed in 100 ml of 0.01 M phosphate buffer 
saline (PBS) for 30 days. The samples were stored in shaking water bath at 37 °C with 
agitation of 20 rpm. 
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Anode Stripping Voltammetry (ASV} 

Various solutions for standard calibration curve were prepared and the calibration curve was 

obtained by plotting the total peak current as a function of the silver ion concentration of 

the corresponding standard solution. The fit of the results represents the calibration curve 

which was used for the quantitative estimation of the silver ion release from various chitosan 

samples. 5 ml of sample solution was taken for the voltammetric experiment. The 

sample solution was placed in a mould equipped with three electrodes (working electrode, 

current electrode and reference electrode). All electrodes were attached with an alligator clip 

according to their functions respectively. The voltammetric set up used is the Wonnatech 

Battery Cycler (WBCS3000). The experimental parameters were shown in Table 1. 

Table 1. Experimental parameters used for the voltammetric experiments 

Discharge potential (V) -0.55 

Working electrode (diameter: mm) 3, platinum 

Deposition time (s) 1000 

Stripping potential range (V) 0-0.5 

Scan rate (V/s) 0.05 

Analyte 5 ml aqueous solution of Ag+ 

RESULTS AND DISCUSSION 

Formation of silver nanoparticles 

Generally, silver ions could be reduced by irradiation to silver nanoparticles following the 

equations below (2 - 7). Upon irradiation, both reactions of chain scission of chitosan to lower 

molecular weight polymer (equation 4) and reduction of silver ions to silver nanoparticles 

(equation 5) could take place. In the case of chitosan, hydroxyl radicals and hydrogen 

atoms are intermediate products of water radiolysis (equations 2 and 3) react with 

chitosan molecules resulting in breakage of glycosidic bonds. Whilst, the hydrated electron 

(equation 5) will reduce Ag+ to Ag0 and further reaction of Ag0 with other Ag+ will form 
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stabilized Ag cluster (equations 6 and 7). The·silver nanoparticle is formed from absorption 
of Ag0 by this cluster. Chitosan with the NH2 group will attract the silver ions through ionic 
interaction and upon irradiation, the silver nanoparticles will be formed (Figure 1). 

irradiation 

(2) 

(3) 

R0 (C1 , C4) - F,° + F/ (chain scission) (4) 

reduction 

---il!JI.• Ago (5) 

Ag0 + Ag+ - Ag2+ (6) 

Ag2+ + Ag+ - Ag3+ (7) 

irradiation > 
~ Ag?_ 

5 

Figure 1. Formation of silver metal from silver ions in chitosan solution 
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(a) {b) 

Figure 2. TEM images for (a) non water soluble chitsosan consisting of 2.85% wlv 

chitosan and 3 wt% wlw silver nitrate and (b) water soluble chitosan consisting of 

3% wlv chitosan with 3% wlw silver nitrate 

Two types of chitosan samples were used in this work and this include the non water soluble 

and water soluble forms. With fixed amount of AgN03 at 3 wt %, the non water soluble 

chitosan exhibits a well distributed spherical shape silver nanoparticles with size range of 

5 - 10 nm (Figure 2a). No agglomeration of the silver particles can be observed. The 

silver nanoparticles appear to be slightly bigger in size (Figure 2b) in water soluble chitosan 

samples. Even though no agglomeration can be observed in this TEM image, the 

nanoparticles tend to be at close proximity and not well distributed. As the chitosan 

samples are water soluble, it is assumed that the polymer chain is loosely packed during the 

fabrication process of the samples. This causes the silver particles to be at close proximity 

as opposed to the ones in the non water soluble chitosan. The existence of these silver 

nanoparticles is further supported by EDX (Electron Dispersive X-ray) results (Figure 3) 

which show peaks related to silver. 

Quantification of silver ion release using Anode Stripping Voltammetry 

Stripping voltammetric experiments with standard solutions of silver led to a calibration curve 

as shown in Figure 4. Using the fit from this figure, the concentration of the silver ion released 

into the medium was estimated from three different sample forms namely paste, film and 

sponge. 
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Figure 3. EDX results showing the existence of silver metal in chitosan matrix 
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Figure 4. Silver standard calibration curve obtained from voltammetric study 
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Figures 5 and 6 demonstrated the release profile obtained from paste chitosan samples of 

2.5 % w/v and 2.85 % w/v concentration respectively. Interestingly two different profiles were 

exhibited from the paste samples following their concentration. The 2.5 % w/v showed.a 

steady silver ion release as a function of time and this indicates that the release behavioris 

purely contributed by diffusion mechanism. The concentration of silver plays a role in 

determining the release rate of the silver ion. The highest silver nitrate concentration of 

3 wt% seems to be the slowest compared with the other lower silver concentration. 

A sigmoidal release pattern (Figure 6) is shown in a slightly higher concentration of chitosan. 

The paste samples having 2.85 % w/v gives a sigmoidal release pattern which indicates the 

possibility of having both diffusion and plasticization effect of the polymer. As water diffuses 

into the polymer matrix, swelling of the polymer takes place and water molecule might be 

attached to the polymer network through the polar interaction. This opens up the polymer 

network in creating more free volume which results in higher water diffusion rate. As water 

diffuses into the polymer bulk, silver ion releases into the medium. The effect of the initial 

concentration of silver nitrate is seen in this profile in which the highest concentration of 

3 wt% demonstrates the slowest ion release. 
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Figure 5. Silver ion release from non water soluble chitosan (paste) for 2.5 wlv % chitosan 
with different silver nitrate concentration 

'.a 35 a. 
a. -c 30 
0 

i 25 
J:; 
c 
~ 20 
c 
0 
u 15 
c 
0 10 a.. cu 
~ 
Cl) 

5 

0 

• 2.0 % silver nitrat 
• 2.5 % silver nitrat 
• 3.0 % silver nitrat 

10 20 30 

Day 

Figure 6. Silver ion release from non water soluble chitosan (paste) for 2.85 wlv % chitosan 
with different silver nitrate concentration 
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The sponge samples having a concentration of 2.85 w/v % (Figure 7) demonstrate a steady 

increase of silver release from two initial silver nitrate concentrations of 2 and 3 wt % with 

approximately 30 ppb of silver ion being released at 30 days period of time. A major increase 

is seen from the 2.5 wt% silver nitrate in which the silver release reached a concentration of 

almost 70 ppb in similar period of time. This is quite unexpected as we would have thought 

that the sponge samples containing 2.5 % silver nitrate lies in the same concentration region. 

What could have happened is that swelling of the chitosan sponge samples containing the 

2.5 wt% silver is much greater than that of the other concentrations, which results in more 

silver ion being released at similar period of time. 
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Figure 7. Silver ion release from non water soluble chitosan (sponge) for 2.85 wlv % chitosan 

with different silver nitrate concentration 

The chitosan film samples (Figures 8, 9, 10) exhibited a totally different release profile 

from their counterparts. A pulse or staggered fashion release profile was demonstrated for 

the chitosan concentrations. There is a time lag in between 8 to 15 days depending on 

concentration for both chitosan and initial silver nitrate used. With the highest chitosan 

concentration at 2.85 w/v%, the time lag is the shortest at approximately 8 days, whilstthe lowest 

chitosan concentration at 2 w/v% demonstrated the longest time lag which can reach 15 days 

depending on the initial silver nitrate concentration. Following the time lag, an increase in the 

silver ion release is observed before the release reaches its short term plateau. A major increase 

ensures right after this and prolongs for a certain time period reaching the last plateau at the 

end of the release period. The effect of concentration was again demonstrated in these profiles 

(Figures 8, 9, 10) in which the lowest silver nitrate concentration exhibits the highest release. 
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Figure 8. Silver ion release from non water soluble chitosan (film) for 2.0 wlv % chitosan 
with different silver nitrate concentration 
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Figure 9. Silver ion release from non water soluble chitosan (film) for 2.5 wlv % chitosan 
with different silver nitrate concentration 
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Figure 10. Silver ion release from non water soluble chitosan (film) for 2.85 wlv % chitosan 

with different silver nitrate concentration 

It is possible that the penetration of water molecule into the chitosan film is firstly 

hindered due to the closely packed polymeric branches. An insoluble outer part of the film 

controls the degree of access of the buffer medium to the inner part of the film sample. At 

longer time points, films become quite porous and allow the increase of water diffusion into 

the sample. As more water diffuses in, the polymer begins to swell and the chitosan film 

expands, exerting force on the chitosan wall until it bursts, thus releasing the drug in large 

quantity. This is observed after the time lag, in which higher amount of drug is released before 

the release becomes stable. It is also worth nothing that the chitosan film samples manage 

to release the drug at quite a high concentration in the range of 1000 - 1500 ppb which is not 

seen in both paste and sponge samples. The pulsatile release could have caused the burst 

of the polymer film and results in higher release of the silver ion. 

122 



CONCLUSION 

Silver Ion Release from Chitosan-Ag Composite Using Voltammetric 
Method for Possible Wound Treatment Application 

Anode Voltammetric Stripping method had been successfully employed in this work to 
measure the minute concentration of silver ion release into the medium. Chitosan 
silver composites prepared using various form of samples exhibit different release 
profile of silver ion. Steady release approaching zero order which resulted from the 
diffusion process is shown in 2.5 %w/v chitosan paste whilst a sigmoidal curve is 
observed for the 2.85 w/v% chitosan paste. The sponge demonstrated a steady 
release of silver ion with time. Interestingly, film samples showed a pulsatile release 
profile which gave a much higher concentration of silver ions at similar period of time. 
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