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Figure 80.  EELS spectra of star polymer-templated gold nanoparticles.  A scan was 
performed across one gold particle as shown by the white line in the inset.  
 
 

The fact that multiple star polymers were contained in one gold particle is 

possibly caused by some interactions of the seeds-decorated star polymers with each 

other during the growth or seeding process.  Presuming that the amine groups of the star 

polymer interact with the negatively charged gold seeds via electrostatic interactions, 

fully decorated star polymer should repel each other due to the negative charge at the 

outer seed layer.  It is possible, however, that the star polymers are not fully decorated 

with the seeds, allowing two amine groups from two different star polymers to interact 

with one seed, as illustrated in Figure 81.   
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Figure 81.  Illustration of possible interparticle interactions between seeds-decorated star 
polymers (indicated by the red circles).  
 
 
  As mentioned in the materials and methods chapter, free base porphyrins were 

embedded inside the star polymer via self-assembly process.  The porphyrins embedment 

was aimed to verify the existence of star polymers as core materials and to study the 

effects of gold nanoshells on the fluorescence of the porphyrins.  If star polymer was 

actually coated with gold shell, and assuming that the porphyrin and gold surface were in 

the right proximity, the signature peak of porphyrin should theoretically be observable.   

When the UV-visible spectrum of gold nanoshells with a mean diameter of 100 

nm was recorded, the porphyrin signature peak at around 420 nm was observed.  An 

absorption peak at 790 nm was also observed as a result of the presence of gold 

nanoshells in the solution.  This result supported the above theory.  To eliminate the 

possibility of porphyrin signal due to the uncoated star polymers, a THF dialysis was 
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carried out.  Due to preferential solubility of porphyrins in THF, porphyrins from the 

uncoated star polymers should diffuse out of solution and there will be no porphyrin 

signal.  However, if star polymers which contained porphyrins were coated with gold, the 

gold shell should act as a diffusion barrier and retain the porphyrins inside.  UV-visible 

spectra of the gold nanoshell solution before and after two days of dialysis are shown in 

Figure 82.  The porphyrin signal after dialysis was still noticeable although the intensity 

was reduced (at the same intensity of gold shell peak).  This finding, however, led to a 

new scenario where a gold nanoshell provided a porous structure that allowed some of 

the porphyrins to be leaked out.  This may suggest the use of gold nanoshells as a drug-

delivery vehicle.  Intensive study would be necessary to confirm this potential. 

 

Figure 82.  UV-visible spectra of star polymer/porphyrins-templated gold nanoshells 
before and after two days of THF dialysis.  Porphyrin signature peak can be observed at 
~420 nm. 
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Having demonstrated that monodisperse gold nanoshells with a mean diameter of 

100 nm were feasibly produced and that star polymers were actually contained in the gold 

particles, the next study was focused on the possibility of enhanced fluorescence by the 

gold shell.  As shown in Figure 83, at the same intensity level of porphyrins at 420 nm 

the gold nanoshells displayed an enhancement in the fluorescence emission by two-fold 

compared to a ‘bare’ star polymer/porphyrin occlusion complex.  This result suggested 

that the gold nanoshell structure indeed enhanced the fluorescence emission of 

porphyrins.  To further increase the enhancement factor, the proximity of porphyrin 

molecules and gold shell may be optimized.  Modifying the star polymer size or length of 

the arms can be considered as an option in this case.     

 

Figure 83.  At the same level of porphyrin concentration (left), there was a two-fold 
enhancement in the emission spectra of the star polymer-templated gold nanoshells 
compared to that of the ‘bare’ star polymer/porphyrin (right). 
 

 

 

 

 



108 

CHAPTER SIX 

CONCLUSIONS AND FUTURE WORK 

 
 Star polymer PS-DMAEMA was demonstrated to be an excellent template for the 

formation of 2D and 3D gold nanostructures via electroless deposition.  The deposition of 

star polymers in a surface-confined form (2D) occurred in a sub-second time frame, as 

verified by SPR spectroscopy.  The deposited star polymer film was a monolayer, stable, 

contiguous, and effective in promoting gold seed attachment.  The star polymer also 

displayed a higher seed attachment rate compared to other templates such as APTMS and 

PAH.  As a result of rapid templating and seeding time, star polymer reduced the total 

processing time from a typically reported 28 hours to less than one hour.  

 The growth solution concentration, plating time, and agitation method were 

shown to be the significant factors in generating gold films with a specific thickness and 

uniformity.  At a constant growth solution concentration, film thickness was shown to be 

a linear function of plating time.  The generated gold films were shown to generate strong 

SPR signals and display good mechanical stability.  The mechanical stability of the star 

polymer-templated gold films was slightly inferior to that of the evaporated gold but it 

was comparable to those of the APTMS-templated and PAH-templated gold films.  

Future work can be carried out to test the chemical stability and reactivity of these 

electroless gold films by using them as SPR substrates.  For instance, deposition of layer-

by-layer star polymers or attachment of specific bio-conjugation molecules onto the gold 

films could be investigated.  
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Gold nanoshells utilizing star polymers as templates were produced in various 

sizes and NIR absorptions.  The main parameters that determined the particle size were 

growth solution concentration, seed amount, and the rate of hydroxylamine hydrochloride 

addition.  The fast addition of hydroxylamine hydrochloride generated particles with a 

low size distribution.  Instead of a single star polymer, cross-section SEM and TEM 

analysis revealed that multiple star polymers were contained in a single gold nanoparticle 

with a diameter of 100 nm.  EELS further verified the existence of star polymers as 

carbon-rich materials inside the gold nanoparticles.  Future work is needed to isolate the 

seed-decorated star polymers prior to the growth step so that an individual gold nanoshell 

contains only a single star polymer as the core.  Sonication might be a suitable technique 

to isolate the seed-decorated star polymers.  The adjustment of pH of the seed solution 

prior to its addition to star polymer solution also merits investigation.    

The porphyrin signal after two days of THF dialysis was still noticeable although 

the intensity was reduced (at the same intensity of gold shell peak).  This result indicated 

that the porphyrins were still contained inside the gold shells.  This finding also led to a 

new scenario where a gold nanoshell provided a porous structure that allowed some of 

the porphyrins to be leaked out.  This may suggest the use of gold nanoshells as a drug-

delivery vehicle.  Further study is required to confirm this possibility.  The presence of 

gold shell on the star polymer/porphyrin complex also induced a fluorescence 

enhancement by two-fold compared to that of ‘bare’ star polymer/porphyrin occlusion 

complex.  To further increase the enhancement factor, the proximity of porphyrin 
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molecules and gold shell can be optimized.  Modifying the star polymer size or length of 

the arms can be considered as an option.     
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APPENDIX:  An Example of Standard Deviation Calculation.  

 

The following calculations show how a standard deviation is determined.  

Film thickness:  62.14, 65.18, 60.42 nm 

Mean value:  (62.14 + 65.18 + 60.42)/3 nm = 62.58 nm  

List of deviations:  -0.44, 2.6, -2.16 

Squares of deviation:  0.1936, 6.76, 4.6656 

Sum of deviations:  11.6192 

Standard deviation = (11.6192/2)^0.5 = 2.41 

 

 


