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Abstract. Gold nanoshells (silica core/gold shell) have fascinating optical extinction spectrum 
within visible to near infrared range. In this work, we investigate the optical properties of Au 
nanoshells and evaluate the feasibility of their use on photodynamic therapy. Three dimensional 
finite element simulation and experimental analyses were explored on the assessment of the 
localized surface plasmon resonance spectrum and spatial distribution of the electromagnetic field 
enhancement near metallic nanoshells. In addition, the interaction of Au nanoshells with methylene 
blue (MB) photosensitizer was appraised, and 3.2–fold metal enhanced single oxygen generation 
was observed. Lastly, we investigate the effects of MB-mediated photoinactivation on 
Staphylococcus aureus assisted by gold nanoshells. The use of nanoshells on the photoinactivation 
procedure reduced 3x the required illumination time for total eradication of bacterial cells. Our 
results indicate that Au nanoshells are promising candidates to enhance the photodynamic effect on 
bacterial cells. 
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1 Introduction 

 Photodynamic therapy (PDT) has emerged as one important therapeutic option 
for cancer and infectious diseases. PDT combines photosensitizing drugs and light to 
induce selective damage on the target tissue [1]. Singlet oxygen (1O2) is considered as 
primary PDT cytotoxic-agent that may damage a wide variety of cells [2]. In particular, 
photodynamic therapy may be limited by insufficient generation of 1O2 while reacting 
with biological cells.  
 The use of colloids in photodynamic therapy was first proposed in 2012 by de 
Melo [3]. On colloids, the metallic nanoparticle-photosensitizer distance is a relevant 
factor on metal-enhanced oxygen singlet generation (MEO). Thus, particle charge and 
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concentration may play an important role on metal MEO. In a solution, electrostatic 
interaction can aggregate nanoparticles (NP) and photosensitizer (PS), with the same 
charge signal, leading to resonance energy transfer (RET) that can decrease the production 
of 1O2. For compounds with opposite charges, RET can be avoided by controlling the NP-
PS distance inside the solution. In that case, the electromagnetic field decay length 
associated to the NP becomes an important parameter on MEO, which describes the 
spatial behavior of the electromagnetic field intensity out from the NP surface. Nearby the 
PS, the metallic nanostructures may enhance the local field, leading to the enhancement of 
1O2 production [4]. Local field enhancement results from a resonant interaction of metallic 
nanoparticles and light, leading to a colletive oscillation of the conducting electrons of the 
metal is known as localized surface plamon resonance (LSPR) [5]. 
 De Melo et al. evaluated the use of Ag nanospheres on MEO, obtained 140% 
increase on oxygen singlet generation by riboflavin PS [3]. A higher MEO value, 3.3x, 
was observed exploring Rose Bengal PS on a non-continuous silver island films (2-
dimension system) [6]. Moreover, Fales et al. demonstrated metal enhanced 1O2 
generation by methylene blue (MB) encapsulated in silica shell of gold nanostar in breast 
cancer cells [2]. 
 Here, we evaluated the use of negatively charged silica core/gold shell 
nanostructures with MB on MEO. The selection of Au nanoshell is based on the fact that 
its extinction LSPR peak (651 nm) overlaps the MB spectrum (662 nm). The pre-
determined near electric field around the nanoshell was calculated by finite element 
method (FEM) simulation, and MEO was quantified. The influence of irradiation time on 
photoinactivation of Staphylococcus aureus was also appraised.  

2 Materials and Methods 

 Gold nanoshell colloid sample was obtained from nanoComposix. The specified 
average diameter of the nanostructures was 125±5.8 nm with core diameter 82.6±4.7 nm 
and shell thickness 21.5 nm. Methylene blue, obtained from Merck, was utilized as a 
photosensitizer to induce singlet oxygen generation. Singlet oxygen green reagent (GR), 
from Thermofisher, was prompted as the singlet oxygen sensor. The sensor stock solution 
was prepared adding 100 µg of GR in 330 µL of methanol solution (1 µM).  
 The LSPR extinction spectra of the samples (300-1000 nm) were obtained using 
an Ocean Optics spectrophotometer (HR +4000). Samples were placed in 1 cm path 
length quartz cuvette. 
 Finite Element Method (FEM) based calculations were performed using 
COMSOL Multiphysics. Simulations were used to determine the frequency domain 
scattered field distribution near to the nanoshell. On the simulation, the nanoparticles were 
considered to have isotropic (spherical) shapes with core R and thickness T. 
 On in vitro analysis, Staphylococcus aureus (ATCC 29231) cells were cultured 
in brain heart infusion (BHI) agar at 37 °C for 24 h. Cells were harvested by swab and 
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further suspended in phosphate-buffered saline (PBS). Suspensions of approximately 
1.9x107 colony forming units per milliliter (CFU/ml) were standardized setting a 
transmittance of 80% at 540 nm (Spectrophotometer SP220, Biospectro, Brazil). 

For PDI assays, bacteria cells were incubated with Au nanoshells (AuNS), MB 
or AuNS plus MB solutions for 10 min in the dark at room temperature. Nanoshells were 
used at final concentration of 30 µg/ml for MB at 4 µM. 

Aliquots of 200 µl were placed on a plate of 96 wells and irradiated with a red 
light emitting diode (LED) box emitting at l= 659 ± 9 nm (BioLambda, SP, Brazil). The 
irradiance was 47 mW/cm2 and exposure times of 30, 60, 180 and 300 s delivered radiant 
exposures of 1.4, 2.8, 8.5, and 14.1 J/cm2.  Proper controls without irradiation were also 
used. 

After treatment, twenty-µl of the suspension were collected and serially diluted in 
180μl of PBS until dilution of 10-6 times the original concentration. Ten-µL of each 
dilution were streaked on agar BHI plates in triplicate with the aid of a multichannel 
pipette. Plates were then incubated during 20 h at 37° C to obtain CFU/ml values.  

3 Results and Discussion  

 The figure 1a shows the SEM images of dispersed Au nanoshells, indicating 
spherical shape. The inset of figure 1a presents the shell model based on silica core with 
Au shell for simulation. The figure 1a confirmed 125 nm average diameter of the 
nanoshell used.  
 Figure 1b exhibits extinction spectra of gold shells obtained experimentally 
(peak at 651 nm). Also in figure 1b a theoretical evaluation of the absorption and 
scattering cross section (peak at 650 nm) is presented. Moreover, the theoretical results 
show that the light interaction with the Au nanoshells are determined by scattering, 
indicating that the nanostructure is attractive for PDT, exploring PS with absorption peak 
at the red region of the eletromagnetic spectrum. 
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Fig. 1. (a) SEM images of silica core with gold coated thickness (Scale bar: 500 nm). Inset indicates 
the Au nanoshell model for simulation. (b) The cross sections of absorption (red) and scattering 
(black) of the gold nanoshells. 

 Normalized Electric field distribution in XY plane was investigated under the red 
excitation of silica core (84 nm) with Au coated layer (20 nm). Figure 2a shows that the 
electrical field is higher close to the nanoshell surface. As expected, for X-axis polarized 
light, the field component is very weak along Y dimension, and extends on the X 
dimension. The field enhancement decreases with respect to distance (X-axis) from the 
surface of the Au nanoshell as shown in figure 2b. Figure 2a also shows that the field 
distribution more pronounced at the LSPR wavelength (650 nm) than at wavelength 633 
nm. The theoretical results show that field decay length is about 10 nm for 633 nm, 
indicating that for MEO PS molecules should be close to the metallic nanostructure. 
 

 

Fig. 2: Near E-field enhancement for isolated Au nanoshell at the plasmonic wavelength (a), and E-
field decay at plasmon resonance 650 nm and under the 633 nm excitation, in water (b). 
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 Figure 3a shows the absorption and emission spectra of MB, revealing an 
absorption peak at 662 nm and an emission with maximum at 686 nm. One can observe 
that the extinction spectrum of the nanoshells overlaps with the MB absorption and 
emission spectra. That spectral overlap is crucial for the MB-NP interaction. To 
investigate MEO, singlet oxygen sensor GR was explored with colloidal MB-Au 
nanoshells. An He-Ne laser, with 1.2 mW, was used to irradiate the colloid for 2 minutes, 
scattering at the NP and exciting the MB molecules. Further, the colloid was exposed with 
light source at wavelength 500 nm, exciting the GR oxygen singlet sensor. As there is no 
overlapping between GR and MB emission spectra, therefore MB is not affected by light 
with 500 nm wavelength.  
 Figure 3b depicts the emission spectra of GR solution, with and without 
nanoshells using MB photosensitizer. It is evident that fluorescence intensity of the 1O2 
sensor increased with coated nanoparticles. 

 

Fig. 3. (a) Extinction spectra of Au nanoshell colloid, absorption and fluorescence spectrum of MB. 
(b) GR emission spectra of GR in MB solution and MB-shells colloid, excited at 500 nm. 

 
 To quantify MEO, we used the procedure introduced by Geddes et al [10]. We 
calculated the fluorescence emission of the GR sensor (excited at 500 nm), with and 
without nanoshells in the MB solution after the laser irradiation. 
The metal enhanced 1O2 ( O",$%&' ) of MB-NP samples is given by: 
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where ∫ (MB)01	345663dλ∞
9  and ∫ (MB)<=>5?dλ∞

9  are the integrated spectra of the MB 
solution with and without Au shells, after exposure to He-Ne light. Moreover, 
∫ (GR,MB)01	345663dλ∞
9 	and ∫ (GR,MB)<=>5?dλ∞

9  are the integrated spectra of the GR-MB 
solution with and without gold shells, after exposure to He-Ne light. The MEF factor for 
GR, GR$%:, is given by:  

 
𝐺𝑅CDE =

∫ 𝐺𝑅FG	HIJKKH𝑑𝜆
∞
9

∫ 𝐺𝑅NOPJQ	𝑑𝜆		
∞
9

 (1) 

where ∫ GR01	345663dλ∞
9  and ∫ GRR=>5?	dλ		∞

9 are integrated spectra for GR solution with 
and without Ag nanoplates. 
 Table 1 shows the MEO values obtained for the MB-Au shells colloids, with 
different particles concentrations. According to Table 1, MEO presents higher value as the 
concentration of Au nanoshells increases. The Au nanoshells may induce more than 300% 
increase on oxygen singlet generation on MB, the highest MEO value of colloidal samples 
reported in the literature. 
 

Table 1. MEO generation of MB for various concentrations of Au nanoshells. 

Mass Concentration (µg/ml) MEO 
2.4 0.8 
4.8 1.40 
7.2 2. 2 
9.4 2.5 
11.8 3.2 

 

 

Figure 4(a) and (b) display, respectively, the plate images and survival fraction of 
S. aureus after treatments. Our results showed that incubation of S. aureus with MB and 
Au nanoshells alone or combined did not promote any cytotoxicity. As expected, only red 
LED irradiation also did not influence cellular viability of S. aureus. On the other hand, 
MB-mediated PDT was able to completely eradicate S. aureus after 3 min of irradiation 
(8.5 J/cm2). Interestingly, when MB was combined to Au NP total reduction was noticed 
after 1 min of irradiation (2.8 J/cm2) (fig. 4b). The NP reduced (x3) the illumination time 
on the PDT procedure, for total eradication of bacterial cells. 

It is important to highlight that for microbiological assays MB and Au NP 
concentrations were higher than those used for MEO measurement since it is well 
established that bacteria possess defense mechanisms against reactive oxygen species. 
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Fig. 4: MB-mediated photodynamic inactivation of S. aureus represented by plate images (a) and 
survival fraction (b). MB was used at 4 µM and AuNS at 30 µg/ml.  

4 Conclusion 

 Here, we exhibited the potential use of gold nanoshell associated with methylene 
blue for photoinactivation of bacterial cells. The production of metal-enhanced singlet 
oxygen was quantified for MB with the Au nanoshells. The presence of Au nanoshells 
significantly improved the singlet oxygen generation (300%) on MB. Moreover, in this 
study, we also evaluated in vitro the effects of MB-mediated photodynamic treatment of 
Staphylococcus aureus assisted by gold nanoshells. Further, our results provide insights to 
better exploit localized surface plasmon resonance on PDT protocols. 
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