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Observing the Figure 4-32, the oscillating frequency evolution was the same than in 
the case the experiment was carried out without flushing buffer. 
 

 
Figure 4-32. Data obtained with QCM about oscillating frequency in the simulation Au-coated covered 
with MUA/EDAC/Buffer/ChitosanK1/Buffer 

 
QCM data obtained and calculations about mass adsorption are exhibited in Table 
4-19. 
 
Table 4-19. Quart Crystal Microbalance data for K1 chitosan sample in the reproduce of the coating 
AuNP/Chitosan crosslinked with EDAC considering the procedure adding first EDAC and buffer between 
compounds. The Δt (min) is the time from the beginning of frequency changes to the stabilisation of the 
frequency after the change, Δf (Hz) is the change in crystal oscillating frequency and Δm (ng/cm2) is the 
mass adsorbed calculate. 

Chitosan 
sample 

 Δt (min) Δ f (Hz) Δm (ng/cm2) 

 EDAC 5,18 40,65 723,51 
 Buffer 0,92 -3,73 -66,39 
K1  0,53 -8,30 -147,74 
 Buffer 3,33 6,87 122,23 
 
EDAC addition to the chamber produced an adsorption onto the gold surface. This 
attachment caused the decreasing in oscillating frequency of the crystal due to the 
mass covering this surface, 723.51 ng/cm2. The buffer flushed after this addition 
increased the frequency but only in several hertzs and the adsorption of EDAC could 
be considered as irreversible. The next step was the covering with chitosan and the 
results show the same behaviour as the experiment where buffer was not flushed. 
According to this, the possibility of the chitosan was not adsorbed because the system 
created before was not irreversible was rejected. This experiment confirmed the results 
obtained previously and was verified the failure in chitosan attachment adding the 
EDAC crosslinker firstly. 
 
As a result of this, the continuing with the AuNP/chitosan nanoparticles crosslinked 
with EDAC synthesis was decided because of the not certain information acquired to 
consider the successful or failure of the technique. 
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4.3.3 Obtaining and characterization of AuNP/chitosan 

crosslinked with EDAC 

4.3.3.1 Magnetic gold nanoparticles 7.3nm 

 
Gold nanoparticles selected to procedure with the synthesis of AuNP/chitosan 
nanoparticles crosslinked with EDAC were magnetic gold nanoparticles covered with 
MUA. The starting parameters of these particles were a diameter of 7.3 nm and zeta 
potential value of -46.43±2 mV. This tests were only made with a few samples of 
chitosan, in some cases with only one, due to the fact that is only an experiment about 
the possibility of carrying out this. If the results were positive the possibility of study the 
different chitosan samples has to be considerate. 
 
Synthesis without chitosan preadsorption 
 
The synthesis was carried out adding a solution of EDAC (0.5mg/mL) to the gold 
nanoparticles under mechanical stirring. After this, the chitosan sample (0.2 mg/mL) 
was introduced in the beaker where the reaction was accomplishing. It is considered 
significant the fact that after the addition of EDAC to the solution, some aggregations 
could be observed, disappearing when the chitosan was introduced. 
 
Synthesis with preadsorbed chitosan 
 
The other synthesis was accomplished with a preadsorption of chitosan sample 
(0.2mg/mL) for 2h at room temperature in a beaker with the magnetic gold 
nanoparticles under stirring. After this 2h, the EDAC solution (0.5 mg/mL) was added to 
produce the crosslinking and waited for 4h under the same conditions to complete the 
reaction. 
 
Synthesis with filtered chitosan without preadsorption 
 
The characterisation of these samples obtained with the two procedures was made 
before and after the filtering (with 0.2 µm filter) but a third synthesis was accomplished 
to study the effect of chitosan filtering and discard the influence of this factor. In this 
case, EDAC was added to the solution firstly and after this, the chitosan sample was 
filtered (filter 0.2 µm) before starting the reaction. 
 
Size 
 
Size of different AuNP/chitosan nanoparticles was acquired with Zetasizer instrument 
(Figure 4-33). 
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Figure 4-33. Diameter (nm) for different nanoparticles synthesized with the associated uncertainties. 
AuNP/EDAC+chitosan is referred to synthesis produced adding first the EDAC to AuNP and after the 
chitosan, before and after filtering. AuNP/chitosan+EDAC are the nanoparticles conjugated with a 
preadsorption of chitosan and the addition of EDAC to crosslink it after, before and after filtering. 
AuNP/EDAC + filtered chitosan is the label for nanoparticles with the addition of chitosan previously 
filtered. 

Firstly, the most remarkable fact is that all AuNP/chitosan nanoparticles had huge 
increase in their size. In the case of AuNP/chitosan nanoparticles with the previous 
addition of EDAC for the crosslinking, the different of size is from 7.3 nm to 389.67±13 
nm for chitosan K1, 684.17±55 nm in K2 and to 470 nm to K3. For AuNP/chitosan 
nanoparticles obtained with preadsorption of chitosan, size is very similar to the 
particles achieved without this step. Finally, the experiment accomplished with filtered 
chitosan provided nanoparticles with a size of 400.67±24 nm evidencing that this is a 
factor not considered essential in this case. 
 
Zeta potential 
 
Zeta potential data was obtained with the Zetasizer instrument for all AuNP/chitosan 
synthesized. Results are presented in Figure 4-34. 
 



70	
   4.	
  Results	
  and	
  discussion	
  
 

 

 

 
Figure 4-34. Zeta potential (mV) for different nanoparticles synthesized with the associated 
uncertainties. AuNP/EDAC+chitosan is referred to synthesis produced adding first the EDAC to AuNP 
and after the chitosan, before and after filtering. AuNP/chitosan+EDAC are the nanoparticles conjugated 
with a preadsorption of chitosan and the addition of EDAC to crosslink it after, before and after filtering. 
AuNP/EDAC + filtered chitosan is the label for nanoparticles with the addition of chitosan previously 
filtered. 

 
Zeta potential value for magnetic gold nanoparticles before the covering was 
measuring to have the possibility of checking the successful deposition of chitosan. 
This value resulted -46.43±2 mV. All samples of AuNP/chitosan created in the different 
ways exposed exhibited a positive zeta potential in the range from 42.22±6 to 51.25±2 
mV. Hence, these nanoparticles can be considered stable because the value is higher 
than 30 mV. Moreover, the different steps carried out in the nanoparticles are not 
considering relevant to the zeta potential owing to these values are very similar. 
 
UV-vis spectra 
 
UV-vis spectroscopy provided data of absorbance for calculating the concentration of 
different nanoparticles obtained (Table 4-20). The unique peak of plasmon resonance is 
located between 529-531 nm that evidence high stability and low aggregations in the 
nanoparticles produced (Figure 4-35The highest value of plasmon resonance peak is 
for the chitosan K2 (531nm) and it is logic due to the fact that these particles have the 
biggest size 684 nm, followed by chitosan K3 (530 nm) with a diameter of 470 nm. The 
rest of the size values are around 530 nm because of the similar size registered. 
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Table 4-20. Characterisation with UV-vis spectrophotometer for AuNP/chitosan crosslinked with EDAC. 
Concentration calculated with absorbance and wavelength of the peak plasmon resonance. 
AuNP/EDAC+chitosan before and after the filtering with 0.2µm filter. AuNP/chitosan+EDAC, the 
addition of chitosan was made first for preadsorbing, measured before and after the filtering with 0.2µm 
filter. AuNP/EDAC+filtered chitosan, the chitosan was filtered before the reaction. 

Sample  Concentration 
(mM) 

Peak value (nm) 

AuNP  3.56·10-6 524 
AuNP/EDAC+chitosan K1 1.59·10-6 529 

 K2 1.51·10-6 531 
 K3 1.52·10-6 530 
 K1 filtered 1.34·10-6 530 
 K2 filtered 8.52·10-7 530 

AuNP/chitosan+EDAC K1 1.69·10-6 529 
 K1 filtered 1.11·10-6 530 

AuNP/EDAC+filtered chitosan K1 1.52·10-6 530 
 

 
 

 
Figure 4-35. UV-vis spectra for different AuNP/chitosan nanoparticles crosslinked with EDAC. 
AuNP/EDAC+chitosan before and after filtering, In AuNP/chitosan+EDAC, a preadsorption of chitosan 
was made, measured before and after filtering. In AuNP/EDAC+chitosan filtered, the chitosan was 
filtered before use. 

 
After the characterisation is obviously that the result obtained with the size are not 
considered positives because the change between the AuNP diameter before and after 
the covering is huge, from 7.3 nm to around 400 nm or 600 nm in some cases (e.g. 
with chitosan K2). Chitosan is a big molecule and it suggests the hypothesis that there 
is a possibility of not only chitosan is not covering these AuNP but also the 
nanoparticles are encrusted in the chitosan strand. Thus, it was proposed to use AuNP 
with a size around 40 nm to observe if the little size of starting AuNP was affecting to 
the results. 
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4.3.3.2 Gold nanoparticles 40 nm 

It was necessary to synthesize new gold nanoparticles to continue with the study. For 
this, the procedure followed was the same than with the gold nanoparticles used before 
with the other experiments. Briefly, tetrachloroauric acid was reduced by ascorbic acid 
in a ratio concentration 1:50 (mM). Moreover, the nanoparticles were characterized 
before their use obtaining a size of 61.97±3 nm and a zeta potential of -23.1±2 mV. 
 
To continue with the work carried out before, the gold nanoparticles were supposed to 
be covered with MUA. For this accomplishment, some experiences different to ones 
related in 4.2.1.2 were tested to displace the ascorbic acid with MUA (Table 4-21). 
 
The variations in the displacement procedure are referred to changes in MUA 
concentration and volume ratio. In some cases, it is added NaOH increase the pH 
stabilizing the particle dispersion deprotonating the carboxylic acid groups of MUA 
[33]. A little amount of gold nanoparticles conserved of the production made in 
4.2.1.2. was also tested to make a comparison between the old and new particles and 
refuse the hypothesis of a problem with the new gold nanoparticles. Finally, 
commercial gold nanoparticles obtained by sodium citrate reduction with a diameter of 
30 nm was tested. 
 

Table 4-21. Experiments carried out for the displacement of ascorbic acid or citrate with MUA. The 
volume ratio is referred in mL. 

AuNP origin MUA (mM) NaOH (M) Volume ratio 
AuNP:MUA:NaOH 

Result 

New 10  1:0.1 Agglomerations 
New 10  1:0.05 Agglomerations 
New 10  1:0.01 Agglomerations 
Old 10  1:0.01 Agglomerations 
New 5  1:0.01 Agglomerations 
New 10 0.25 1:0.1:0.1 Agglomerations 
New 10 0.25 1:0.01:0.1 Agglomerations 
New 10 0.25 1:0.1:0.2 Agglomerations 
New 10 0.25 1:0.01:02 Agglomerations 

Commercial (30nm) 10  1:0.1 Stable dispersion 
Commercial (30 nm) 10  1:0.01 Stable dispersion 

 
The intention of displace the ascorbic acid was failed in all cases tried, decreasing the 
MUA concentration, increasing the pH and decreasing the volume of MUA. Hence, is 
concluded the ascorbic acid linking with the gold surface is strong and this way of 
displacement is difficult to carry out. On the contrary, the commercial gold 
nanoparticles were successfully covered with MUA, displacing the citrate. Thus, these 
commercial gold nanoparticles were selected to continue with the experimentation. 
 
Commercial gold nanoparticles with a size of 30 nm diameter were characterized after 
the displacement of the citrate with MUA. The size and zeta potential was measured 
with Zetasizer and resulted in 49±9 nm diameter and zeta potential of -47.93±5 mV. 
The UV-vis spectra showed a strong peak plasmon resonance at 527 nm. 
 
To study how affects the EDAC concentration to the final properties of the 
nanoparticles synthesized, different concentrations were analysed in the same 
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conditions; 0.5, 0.1, 0.05, and 0.01 mg/mL. According to this, synthesis were realized 
in a volume ratio (mL) of 3:1 (AuNP : EDAC) under stirring and adding the chitosan K1 
sample (0.2 mg/mL) to this mixture in a ratio volume 1:1. The reaction was carried out 
for 4 h and after this the appropriate characterisation was accomplished. For this, 
AuNP first were covered with MUA, after the EDAC was added to the solution and the 
last step consisted on the addition of the chitosan. 
 
Size 
 
All nanoparticles size was measured with Zetasizer. Data obtained with the software 
for gold nanoparticles covered with MUA informed about the monodispersity of the 
solution, only one peak was observed in the size distribution, whereas in the case of 
gold nanoparticles with chitosan bound by means of the EDAC showed very different 
results. All solutions can be considered polydispersed because of all of them have at 
two remarkable peaks in a size distribution in some cases near 50%-45%.  
 
Data showed in Figure 4-36 is the data considering the value of the peak most 
noticeable but in most of the cases is not a complete reliable data due to the 
polydispersity commented before. 
 

 
Figure 4-36. Diameter (nm) measured with Zetasizer with the associated uncertainties for the gold 
nanoparticle covered with MUA and the synthesis AuNp covered with MUA/ChitosanK1 crosslinked 
with EDAC in different concentrations: 0.5, 0.1, 0.05, and 0.01 mg/mL 

Zeta potential 
 
Zeta potential was measured with Zetasizer instrument. In Figure 4-37, value obtained 
for the uncoated gold nanoparticles is represented in comparison with the zeta 
potential for the AuNP/chitosanK1 crosslinked with EDAC. This crosslinker was added 
in different concentrations to observe if this quantity is an affecting parameter regarding 
the stability of the solution. 
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Figure 4-37. Comparison of zeta potential (mV) measured with Zetasizer with the associated 
uncertainties for AuNP covered with MUA and for the AuNP covered with MUA/ChitosanK1 crosslinked 
with EDAC in different concentrations; 0.5, 0.1, 0.05, and 0.01 mg/mL. 

 
Results show a similar zeta potential value around 52 mV proving that solutions are 
stable and the chitosan was attached correctly to the gold nanoparticle. Conclusion 
extracted with this analysis is the lower EDAC concentration, the lower zeta potential 
and less stability. Nevertheless, the lower value is 51.07±3 mV that is a quite good 
result regarding the stability of a solution.  
 
UV-vis spectra 
 
UV-vis spectrometry provided the information about absorbance necessary to calculate 
the concentration by means of Beer-Lambert’s law (Table 4-22). Plasmon resonance 
peak (Figure 4-38) is located around 529 nm, sign that gold nanoparticles remain 
disaggregated in solution. According to the size, the higher are the gold nanoparticles, 
the higher is the peak wavelength of plasmon resonance. Apparently, these values 
follow this hypothesis because the peak of 526 nm pertains to the gold nanoparticles 
with the smallest diameter, 137 nm, but as mentioned above, the size average data 
cannot be totally considered.  
 
Table 4-22. Data of absorbance obtained with UV-Vis spectrophotometer, calculations of concentration 
and plasmon resonance peak wavelength (nm). 

EDAC (mg/mL) Concentration (mM) Peak value (nm) 
0.5 2.45·10-7 529 
0.1 2.43·10-7 526 

0.05 2.42·10-7 529 
0.01 2.52·10-7 529 
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Figure 4-38. UV-vis spectra for AuNP/Chitosan nanoparticles prepared by crosslinking with EDAC in 
different concentrations: 0.5, 0.1, 0.05, and 0.01 mg/mL. 
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Chapter 5 

5 Conclusion 
The main aim considered for this work was the accomplishment of 
AuNP/Chitosan/siRNA nanoparticles and characterisation. The gold nanoparticles were 
successfully covered with the chitosan strongly and quickly, being the chitosan K1 and 
K2 selected as the best considering time to be adsorbed, mass attached to the gold 
surface, and stability. The next step to assembly the next layer of siRNA to the AuNP/ 
chitosan nanoparticles was not achieved. This was predicted with QCM study and 
verified with the analysis of the attempt of synthesis AuNP/Chitosan/siRNA. The failure 
in the purpose was properly demonstrated. 
 
According to the results obtained it was necessary to consider a solution for obtaining 
the vector desired. The next attempt was to synthesize AuNP/C16TAB/siRNA 
nanoparticles. The C16TAB binding of gold nanoparticles was fast accomplished but the 
next step of adsorbing siRNA resulted in a failed attempt. This was predicted and 
characterized with the same techniques than before. 
 
Regarding the conclusions obtained in this point, the possibility of AuNP/Chitosan 
crosslinked with EDAC was tried. Gold nanoparticles covered with MUA had a good 
interaction with the chitosan considering the crosslinking with the EDAC but the 
nanoparticles resulted in a big size that in the AuNP/Chitosan produced in the first 
synthesis trial. For solve this, different concentrations of EDAC and sizes of gold 
nanoparticles were used to prove that the AuNP around 7 nm showed more 
aggregations that in the case of diameters of 50 nm, but the last were considered 
polydispersed. The effect of concentration using nanoparticles of 50 nm was difficult to 
evaluate because of the polydispersity obtained before but seems that is not a principal 
parameter affecting. 
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Chapter 6 

6 Future work 
 
Regarding the results obtained is a good option to consider the possibility of continuing 
with the researching of the AuNP/Chitosan/siRNA nanoparticles. Owing to the research 
for the thesis has to be carried out in a limited time, the experiments realized as a 
possible solution to the failure in the synthesis of AuNP/Chitosan/siRNA could not be 
finished. The last option of AuNP/Chitosan crosslinked with EDAC has to be 
investigated to try to adjust the correct gold nanoparticles, between 7-50 nm and 
analyse the size obtained in this case. At the same time it could be very interesting try 
to adjust the quantity of EDAC necessary to achieve monodisperse nanoparticles.  
 
Once the chitosan is correctly attached and the size adjusted, different chitosan 
samples attachments would have to be tested to conclude if there are differences 
between chitosan samples. The interesting parameters would be, as in this research, 
how fast and how strong they cover the gold surface. It was proved the difficulty to 
reproduce the synthesis process in QCM; hence this simulation would have to be 
improved because of the importance for obtaining the behaviour of the process and the 
knowledge of the mass that can be adsorbed into the surface.  
 
Finally, when all these parameters have been adjusted and proved as successfully the 
siRNA covering has to be carried out to check the accomplishment of the main 
objective. If this goal is achieved, the next step has to be considered; continue with the 
layer by layer assembly AuNP/Chitosan/siRNA/Chitosan to validate the opportunity to 
create a multilayer vector. 
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