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Abstract. Gold nanostructures are considered as a potential platform for building smart 
nanocarriers that will form the basis of novel methods of targeted delivery and controlled 
release of drugs. However, to ensure maximum efficiency of gold nanoparticles upon the 
drug release via the plasmon-enhanced photothermal effect, it is necessary to optimize 
their spectral parameters for operation in the human body that requires both theoretical 
research and development of appropriate methods for nanostructures fabrication. In this 
work, mathematical modeling of light extinction spectral dependences for gold 
nanostructures of different morphology was performed to determine their geometric 
parameters that provide the occurrence of localized surface plasmon resonance (LSPR) in 
the red and near infrared regions of the spectrum, where the transparency window of 
biological tissues exists. Based on the results of previous studies and computer modeling, 
using hollow gold nanoshells to construct smart nanocarriers was found to be most 
reasonable. A protocol for production of these nanoparticles based on “silver-gold” 
galvanic replacement reaction, which is accompanied by a controlled shift of the LSPR 
wavelength position, was proposed and described in detail. It is shown that the loading of 
model biomolecules in hollow gold nanoshells significantly changes the output optical 
parameters of the system under investigation, which should be taken into account for 
matching with the laser excitation wavelength during the development of smart 
nanocarriers. 
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1. Introduction  

The rapid development of nanobiotechnology can be a 
crucial step of mankind towards creation of novel 
methods and drugs for the treatment of various diseases 
[1, 2]. New opportunities in medicine that will be 
available through advanced nanotechnology range from 
diagnostics of human body [3] to real means of practical 

therapy [4]. In particular, the creation of nanodrugs will 
promote a more specific therapy and provide local 
action, increasing treatment efficacy and reducing side 
effects. Therefore, the development of novel 
nanomaterials for applications in drug delivery systems 
is lately becoming a more and more popular field due to 
the unique optical, electronic, chemical and mechanical 
properties of these materials [4-7]. 
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Metal nanoparticles can act as one of the key 
components of drug delivery systems; among them, the 
most attention of researchers was attracted to gold 
nanostructures of various shapes and sizes [8-10], which 
possess a number of significant advantages over other 
nanomaterials. In particular, they are chemically stable, 
biocompatible and can be functionalized with a large 
number of different nature ligands [11, 12]. 
Additionally, gold nanostructures support the excitation 
of localized surface plasmon resonance (LSPR) in the 
visible and near-infrared (NIR) spectral regions, which 
enables the use of local plasmon-enhanced photothermal 
effect (PPTE) [13, 14]. This phenomenon is due to gold 
nanostructures functioning as nanoscale lenses, focusing 
incident light in a confined localized area, which results 
in a conversion of high-density electromagnetic energy 
into heat that warms up nanostructures and their nearest 
environment. One of the possible applications of PPTE 
in metal nanoparticles have been successfully 
demonstrated in the development of new treatment 
modes for cancer, where heating of nanostructures by 
laser irradiation is used for the selective destruction of 
tumor cells [15-18]. In this direction, an important step 
was made by Elliott et al., who determined the 
quantitative characteristics of interaction with laser light 
for gold nanoshells with quartz cores to evaluate the 
impact of nanostructure concentration and laser power 
on PPTE [15]. Further, Stern et al. evaluated the effect 
of concentration of gold nanoshells with quartz cores in 
the treatment of prostate cancer in mice [16]. El-Sayed 
with colleagues used solid gold nanoparticles coated 
with antibodies against the EGF receptor for targeted 
delivery and photothermal treatment of epithelial 
carcinoma [17]. 

For the treatment that requires the use of chemical 
drugs or specific biopolymers (DNA sequences, 
immunoglobulines etc.), and not only direct heat 
influence, PPTE may be supplemented by the 
development of special “smart nanocarriers” (SN), 
which make possible the targeted delivery of 
drug/oligonucleotide/immunoglobuline molecules and 
their subsequent dosed release after controlled local 
irradiation of the desired area in the body [19]. In 
developing this type of SN, one of the main tasks is to 
provide possibility for tuning the LSPR spectrum of gold 
nanostructures into the red and NIR regions, where light 
absorption by human tissues is minimal [20]. It is also 
important to take into account the changes in the LSPR 
spectrum induced in the process of drug loading into SN 
because of its dependence on the dielectric properties of 
the immediate environment [21]. In addition, the 
possibility of SN LSPR spectrum tuning is a prerequisite 
to achieve the greatest PPTE due to matching the LSPR 
wavelength with a wavelength provided by existing 
sources of laser radiation [22]. Therefore, potentially the 
most useful for creating SN based on PPTE are gold 
nanostructures such as nanoshells with the dielectric 
core [23], nanorods [24], nanocages [25] and 
nanocontainers [26] due to their capacity of LSPR 

regulation in a wide range, which is defined primarily by 
the geometrical parameters of these nanostructures. 

In this paper, geometric parameters of gold 
nanostructures with different morphology are 
theoretically grounded, which are necessary for their use 
in SN based on PPTE operating in the red and NIR 
spectral regions. Based on the results of simulation and 
search for the synthesis methods of relevant 
nanostructures, a protocol for the synthesis of hollow 
gold nanoshells (HGN) is proposed and analyzed, which 
supports the controlled tuning of the LSPR spectral 
position. Based on the experimental evaluation of drug 
loading into HGN using model biomolecules, the 
importance of taking into account the presence of 
organic component of the system during matching with 
the wavelength of laser radiation is shown. 

2. Theoretical consideration 

To determine the geometric parameters of gold 
nanostructures that can support LSPR excitation in the 
red and NIR spectral regions and serve as a basis for 
building SN, theoretical modeling of light extinction 
spectra was conducted for three types of model 
nanostructures: solid spherical gold nanoparticles, gold 
nanoshells with quartz cores and HGN. Also, in the case 
of solid gold nanoparticles, the influence of existing 
dielectric coating, which simulates the organic 
components of SN (e.g., a polymer or biomolecular 
coating with loaded drugs), on the optimal size of 
nanostructures in terms of LSPR spectral position was 
considered. 

Calculations of light extinction spectra for the 
abovementioned gold nanostructures were conducted 
using the previously developed approach based on Mie 
theory for two-component spherical particles consisting 
of a core and homogeneous shell [27], which was 
modified to consider gold nanoshells. Namely, the size 
effect of the electron mean free path reduction with a 
decrease in the size of the nanostructures was taken into 
account differently for solid gold nanoparticles and 
nanoshells. In particular, the effective electron relaxation 
time dependent on the size of nanostructures for solid 
gold nanoparticles was calculated according to the 
equation 
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and in the case of gold nanoshells using the following 
formula [28]: 
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where s103.9 15−×=τbulk  [29] is the electron 

relaxation time for bulk gold, sm104.1 6×=fV  [30] – 
Fermi velocity for gold, R – solid nanoparticle radius, 
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A – constant taken equal to 1 [31-33], leff –electron 
effective mean free path in the metal nanoshell 
according to the model proposed by Granqvist and 
Hunderi [28, 34]: 

[ ] 3/12
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21221 ))((

2
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where r1 and r2 are internal and external radii of the gold 
nanoshells, respectively. 

The purpose of this simulation was to obtain for the 
nanostructures described above the LSPR wavelengths 
close to 650 and 808 nm, which correspond to those of 
standard laser light sources and thus can provide 
maximum PPTE when being used to create SN. For this 
aim, a search for nanostructure geometrical parameters 
variants was carried out with subsequent calculation of 
the light extinction spectrum and determination of the 
spectral position of its maximum corresponding to the 
occurrence of LSPR. The calculation of optical constants 
for gold nanostructures was performed in the framework 
of the approach presented earlier [27], taking into 
account the relations (1)-(3). The refractive index of the 
ambient medium in all the considered systems was 1.333 
(equals to that of water). The refractive index of 
dielectric coating, which simulates the organic 
components of SN in the case of solid gold 
nanoparticles, was 1.46 [27]. The refractive index of the 
core in the case of gold nanoshells with quartz cores was 
1.45, and in the case of HGN it was equal to the 
refractive index of the ambient medium (1.333). 

The geometrical parameters simulation results for 
three types of nanostructures that provide LSPR 
excitation at the wavelengths close to 650 and 808 nm 
are shown in Fig. 1 and in Table. It should be noted that 
for gold nanoshells LSPR spectral position is determined 
by two geometric parameters – the diameter of the 
core/cavity and the thickness of the shell, so this 
simulation was carried out for three fixed values of the 
core/cavity diameters (20, 50 and 100 nm). The obtained 
results indicate that, to achieve the abovementioned 
LSPR spectral positions, one should use quite large solid 
gold nanoparticles (about 150 and 210 nm in diameter 
for the LSPR at 650 and 808 nm, respectively). It was 
also found out that the optimal geometrical parameters 
for gold nanoshells with quartz cores and HGN are 
pretty close, which is unexpected and can be explained 
by the strong LSPR position dependence on the 
thickness of the gold shell, which was observed during 
simulation, especially for the small diameter cores. Also, 
for the considered gold nanoshells with a core/cavity 
diameter of 100 nm, the minimum limit value of the 
dipolar LSPR mode wavelength that can be achieved and 
a corresponding thickness of the gold shell were found. 
It is worth noting that a general trend of LSPR 
bandwidth increase and appearance of additional short-
wavelength maxima in the light extinction spectra, 
which correspond to the quadrupolar LSPR modes, was 
evidenced with increasing the size of nanostructures. 

 
 
 
 
 

 
 
 
 
 

 
 
 

Fig. 1. Simulated light extinction spectra, which exhibit LSPR 
excitation at the wavelengths close to 650 (mark 1) and 808 nm 
(mark 2), for (a) solid gold nanoparticles with and without 
organic coating, (b) gold nanoshells with quartz cores and (c) 
HGN with different geometrical parameters, located in water. 
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Table. Simulated geometrical parameters for gold 
nanostructures of different types, located in water, which 
provide LSPR excitation at the wavelengths close to 650 
and 808 nm. 

LSPR at ~650 
nm 

LSPR at 
~808 nm 

Nanostructure type 
Gold nanoparticle 

diameter, nm 
Solid gold nanoparticle 
without coating 158 214 

Solid gold nanoparticle with a 
5-nm-thick organic coating 154 210 

Solid gold nanoparticle with a 
10-nm-thick organic coating 150 208 

 Gold shell thickness, nm 
Gold nanoshell with a quartz 
core diameter of 20 nm 2.6 1.3 

Gold nanoshell with a quartz 
core diameter of 50 nm 7.5 3.3 

Gold nanoshell with a quartz 
core diameter of 100 nm 

Not found (20 
nm for LSPR at 

~690 nm) 
8.1 

HGN with a cavity diameter of 
20 nm 2.5 1.2 

HGN with a cavity diameter of 
50 nm 7 3.1 

HGN with a cavity diameter of 
100 nm 

Not found (23 
nm for LSPR at 

~678 nm) 
7.6 

 
 

3. Experimental results and discussion 

Taking into account the results of theoretical modeling, 
the existing approaches to the synthesis of corresponding 
gold nanostructures were analyzed, which can provide 
the necessary geometric parameters of nanostructures 
and the possibility of their LSPR spectrum tuning. It was 
found that the fabrication protocol for solid gold 
nanoparticles based on the kinetically-controlled growth 
from seeds with citrate stabilization [35] allows 
obtaining colloidal solutions of gold nanoparticles with a 
diameter from 10 to ~200 nm, which provides the 
possibility to change the LSPR position from 520 to 
720 nm. Methods for synthesis of gold nanoshells on 
quartz cores [36, 37] yield gold shell thickness of 5 to 
30 nm on quartz nanoparticles with a diameter of 
50…500 nm, providing LSPR position tuning from 
visible to mid-infrared spectral region. However, these 
protocols are difficult to implement, costly with respect 
to chemicals and require multistep chemical synthesis. 
From this point of view, HGN attract particular interest 
as the basis for building SN, because their synthesis 
methods also allow LSPR position tuning in a 
sufficiently wide range [38]. An additional feature of 
HGN is a possibility to use cavities inside nanostructures 
to increase the amount of loaded drug per single 
nanostructure, which is important to reduce the burden 
on the patient body that is caused by nanocarriers after 
drug release. 

 
Fig. 2. Scheme of HGN formation due to galvanic replacement 
reaction of silver with gold [41]. 
 
 
 

As a result of analysis of hollow metal 
nanostructures fabrication methods, it was found that 
one of the most affordable approaches for widespread 
use, which also yields nanoparticles in relatively large 
quantities, is the synthesis of hollow nanoparticles on 
metal nanotemplates using the galvanic replacement 
reaction [39-42] (Fig. 2). Therefore, in this paper for the 
synthesis of HGN we adapted the method proposed by 
Prevo et al. [42] based on galvanic replacement reaction 
of silver with gold using solid silver nanoparticles in 
colloidal solution as templates. 

The used approach to HGN production consisted of 
3 stages: synthesis of seed silver nanoparticles, 
increasing their size by growth and galvanic replacement 
reaction of silver with gold using the nanoparticle 
templates produced in the second stage. In the first stage, 
seed silver nanoparticles were produced by reduction of 
0.2 mM aqueous solution of silver nitrate (100 ml) while 
adding 100 mM sodium borohydride solution (2 ml) in 
the presence of 0.5 mM sodium citrate as a stabilizer. 
The reaction took place at a constant temperature of 
60 °C and stirring using a magnetic stirrer for at least 2 
hours. Resulting mixture acquired a yellow color, 
indicating formation of small and mostly spherical silver 
nanoparticles. Microphotograph of obtained seed silver 
nanoparticles from transmission electron microscope 
(TEM), presented in Fig. 3a, shows a close to spherical 
shape of nanoparticles whose diameter is 6…14 nm. 

The second stage of synthesis, growth of silver 
nanoparticles, was performed after cooling seed silver 
nanoparticles solution to room temperature. 
Subsequently, 200 mM aqueous solution of 
hydroxylamine hydrochloride (2 mL) was added to the 
seed solution being mixed. After 5 minutes, the 
necessary volume of 0.1 M aqueous solution of silver 
nitrate was added to the resulting solution to increase the 
final concentration of silver in the solution. In this way, 
it was possible to adjust the size of silver nanoparticles – 
the more the final concentration of silver in solution was, 
the larger silver nanoparticles were obtained. Stirring the 
solution continued for at least 2 hours, leading to the 
gradual saturation of its yellow color. Microphotograph 
of the obtained silver nanoparticles with the final 
concentration of silver in a solution of 0.5 mM is shown 
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in Fig. 3b. The shape of obtained silver nanoparticles is 
mainly spherical; their diameter is 13…40 nm. One 
should note broadening the nanoparticles size spread 
after the growth process – this issue needs further search 
for solutions. The light extinction spectra of colloidal 
solutions of seed and grown silver nanoparticles are 
shown in Fig. 3c. They exhibit clearly distinguished 
peaks near the wavelengths of 392 and 403 nm that are 
attributed to the LSPR excitation on smaller and larger 
silver nanoparticles, respectively. 

 
 

 

 
 

 
 

 
 
Fig. 3. (a) TEM microphotograph of seed silver nanoparticles 
obtained by reduction of 0.2 mM silver nitrate solution. 
(b) TEM microphotograph of silver nanoparticles obtained by 
growth of seed silver nanoparticles to a final silver 
concentration of 0.5 mM. (c) The measured light extinction 
spectra of colloidal solutions of seed silver nanoparticles with 
the silver concentration in solution of 0.2 mM (solid line) and 
grown silver nanoparticles with the silver concentration in 
solution of 0.5 mM (dashed line). 

At the third stage of synthesis, the obtained 
colloidal solutions of silver nanoparticles participated in 
the galvanic replacement reaction of silver with gold. In 
this process, solution of the grown silver nanoparticles 
was heated to a constant temperature of 60 °C while 
stirring. Then, a certain amount of 25 mM aqueous 
solution of chloroauric acid was added gradually to the 
reaction mixture on the basis that the molar ratio Au:Ag 
in the solution should reach 1:3 (according to the scheme 
in Fig. 2). For several tens of seconds, color of the 
solution changed from yellow to violet-blue, following 
the galvanic replacement reaction with gradual 
dissolution of silver nanoparticles and formation of gold 
film on their surface. After a stable color was reached, 
the additional amount of 25 mM aqueous solution of 
chloroauric acid was added gradually to achieve a 
complete disappearance of the short-wave LSPR peak of 
silver nanoparticles, which was monitored by means of 
spectrophotometric measurements of its intensity in the 
light extinction spectrum. 

Microphotograph of HGN prepared from colloidal 
solution of silver nanoparticles with the silver 
concentration of 0.5 mM used as templates is shown in 
Fig. 4a. The shape of obtained gold nanoparticles is 
mainly spherical; their geometric sizes are 17…42 nm 
(in diameter) and 6…12 nm (wall thickness). The bright 
areas on the image correspond to cavities and, probably, 
pores in the HGN walls, and the dark areas are attributed 
to HGN walls and solid nanoparticles. It should be noted 
that the resulting geometric parameters of HGN are 
consistent with the geometric parameters of output 
templates, silver nanoparticles; no significant increase in 
the width of their size spread was observed. The 
measured light extinction spectrum of HGN colloidal 
solution derived from colloidal silver nanoparticles 
solution with the silver concentration of 0.5 mM is 
presented in Fig. 4b. The resulting spectrum exhibits 
maximum position equal to 643 nm that corresponds to 
the LSPR excitation on hollow gold nanoshells, which is 
very close to the laser wavelength of 650 nm. It should 
be noted that the resulting broad LSPR band in the HGN 
light extinction spectrum ensures PPTE conditions for 
colloidal solutions of nanostructures, when being 
irradiated with laser light of different wavelengths. 

To study the possibility of LSPR spectrum tuning 
for HGN, light extinction spectrum changes were 
registered for colloidal solutions of silver nanoparticles 
with the silver concentration of 0.5 mM during the 
galvanic replacement reaction (Fig. 5). Changing the 
volume of the added chloroauric acid solution enables 
different values of LSPR position in the light extinction 
spectra of fabricated HGN to be obtained, which is due 
to varying wall thickness of the nanostructures. It should 
be noted that the rate of chloroauric acid solution 
addition (gradually or the whole volume at once) also 
affects the final HGN LSPR wavelength (spectra not 
shown). Specifically, increasing the rate of solution 
addition led to the long-wave shift and broadening the 
LSPR band in the HGN light extinction spectrum. 
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Fig. 4. (a) TEM microphotograph and (b) the measured light 
extinction spectrum of colloidal HGN solution derived from 
colloidal silver nanoparticles solution with the silver 
concentration of 0.5 mM as templates. 
 
 
 
 

 

 
 
Fig. 5. Measured light extinction spectra for colloidal solution 
of silver nanoparticles with the silver concentration of 0.5 mM 
during the galvanic replacement reaction of silver with gold 
when gradually increasing the volume of added 25 mM 
solution of chloroauric acid. 

 

Fig. 6. Measured light extinction spectra of colloidal HGN 
solution before and after 1 hour since adding BSA in a final 
concentration of 58 µg/ml without stirring. 
 
 
 

To simulate the process of loading drugs into the 
developed nanocarrier based on HGN, changes in the 
light extinction spectrum of colloidal HGN solution 
caused by adsorption of biomolecules onto the external 
and internal surfaces of HGN were investigated using a 
model molecule, bovine serum albumin (BSA). Fig. 6 
shows the measured light extinction spectra of colloidal 
HGN solution before and after 1 hour since adding BSA 
in a final concentration of 58 µg/ml without intensive 
stirring of the solution. In such a way, the natural 
diffusion of biomolecules with the possibility of gradual 
penetration into the internal cavities of HGN was 
provided. As a result, there was a significant long-wave 
shift of the LSPR peak in the light extinction spectrum, 
which reached 90 nm and led to the expected shift of 
HGN LSPR position to the near infrared region. This 
result indicates that taking into account changes in the 
SN LSPR spectrum, which occur when loading drugs, is 
necessary to match the SN LSPR position with a laser 
wavelength that should induce the drug release. In 
addition, significant sensitivity of LSPR spectrum to 
adsorption of biomolecules can be used to develop a 
HGN-based biosensor, which will be able to detect 
biomolecular analytes in much lower concentrations, as 
compared to biosensors based on solid gold 
nanoparticles [43, 44] that exhibit less pronounced LSPR 
peak shifts for the same analyte at comparable or higher 
concentrations. 

4. Conclusion 

Using the Mie theory for a spherical particle with a 
homogeneous shell, theoretical study of light extinction 
spectral dependences was performed for gold 
nanostructures of different morphology that can support 
LSPR excitation in the red and near infrared spectral 
regions and act as a basis for building smart nanocarriers 
for drug delivery based on plasmon-enhanced 
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photothermal effect upon the laser irradiation. It was 
found that LSPR excitation at the wavelengths 650 and 
808 nm, which correspond to the standard laser light 
sources, can be provided by solid gold nanoparticles with 
a diameter of about 150 and 210 nm, respectively, and 
gold nanoshells with a thickness of about 1 to 8 nm on 
dielectric cores with a diameter of 20…100 nm. The 
analysis of protocols for producing these nanostructures 
has shown that the most affordable, quick and easy 
method for building a smart nanocarrier of this type is the 
synthesis of hollow gold nanostructures on nanotemplates 
using the galvanic replacement reaction. The method for 
fabrication of hollow gold nanoshells on the basis of this 
synthesis was implemented, which supports changing the 
geometric parameters of nanostructures and, therefore, 
tuning their LSPR position. Spectral and morphological 
properties of the obtained nanostructures were analyzed at 
each stage of their preparation. It was demonstrated that 
loading model biomolecules into hollow gold nanoshells 
leads to a significant red shift of LSPR position and, 
therefore, requires additional matching with the laser 
wavelength for maximum plasmon-enhanced 
photothermal effect that should be taken into account 
when developing smart nanocarriers. Mathematical 
modeling these multicomponent systems will be a topic 
for future research. 
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