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ABSTRACT

The synthesis of hollow Au nanostructures is désctj using the galvanic replacement
reaction with Ag nanoparticles as the templateg. dffect of reaction conditions, including PVP
concentration and reaction time on the morpholdgye Ag templates was investigated. Using
Ag nanocubic-shape templates, 50 nm hollow Au nancsires were prepared. The results
indicated that the plasmon resonance of the holownanostructures was strongly affected by
the amount of Au precursor and could be tuned bEtwis0 and 860 nm by simply altering the
volume of the Au precursor solution from 0.5 mL3tanL. The hollow Au nanostructures were
heated with an 808 nm laser (1.8 W), which shovhed the sample temperature reached®5
after just 5 min irradiation. The ease of synthélseshollow Au nanostructures with a plasmon
peak in the near infrared of relatively small saed high capacity of conversion of photon
energy into heat makes them a novel and promisiatgmal for photo-thermal and -imaging
applications.

Keywords hollow gold nanostructure, galvanic replacemeutface plasmon resonance (SPR).
1. INTRODUCTION

Gold nanostructures have received a great deatte@fteon due to their optical property
known as localised surface plasmon resonance (L&R&}heir consequent potential in diverse
applications in photonics, catalysis and biomedidib - 6]. A variety of gold nanostructures
with different sizes and shapes have been develdpeti- 6]. Au spherical nanoparticles with
the LSPR peak tuned between 510 and 600 nm haverbest studied [2]. These spherical Au
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nanoparticles, however, are less useful in someivo biomedical applications where near-
infrared light in the range of 650 - 1000 nm isfpreed, due to its deeper penetration (both
blood and soft tissues are more transparent in thigge) [3]. As a result, other Au
nanostructures, such as nanorods [13 - 16], nal®<delectric core/gold shell) [1, 3, 6 - 9]
and hollow nanostructures [1, 3, 10 - 12], whiglorsgly absorb light in the near infra-red range
have been intensively investigated [5, 13]. Amortgsise, hollow Au nanostructures combine
finely tuned optical properties, thermal stabiltyd large surface area, including that inside the
nanostructure, which provides potential for camgymotected payloads of, for example, drugs.

To date, a number of synthesis strategies have kegaloped for preparing hollow
nanostructures, involving, for example, hard tergdasoft templates, the Kirkendall effect,
chemically induced self-transformation or galvanéplacement reaction [17]. The galvanic
replacement approach is particularly interestings tb the possibility to study the intricacies of
alloying and de-alloying in metallic nanostructuagsl to its high tunability. In the latter respect,
the galvanic replacement method is a simple metbiogrecisely tailoring the structures and the
resulting optical properties of these materials [ig].

In the current work, hollow Au nanostructures wequeepared through a galvanic
replacement reaction between Ag nanocubes temmatkAu salt precursor. The influence of
the volume of Au salt solution on the optical pndjgs of the hollow Au structures was
investigated and the photo-thermal effect of thibolaoAu nanostructures under the irradiation
of a near infra-red laser was also measured.

2. EXPERIMENTS
2.1. Materials

Polyvinylpyrrolidone (PVP, M ~ 55,000 g/mol), Gold (lll) chloride hydrate (HAu&IH,O,
99.999 %), silver nitrate (AgN$ 99.9 %) were ordered from Sigma-Aldrich, Singapo
Ethylene glycol (EG, 99 %), sodium sulphide nonaht@l (NaS.9H0, > 98 %), acetone
(CsHgO, 99,5 %) were purchased from Merck. The deionsatkr was used for all experiments.
All chemical were used as received without anyfmation.

2.2. Synthesis of Ag templates

Synthesis of Ag templates was carried out undergemyfree conditions. In a typical
synthesis, 108 mg PVP was dissolved in 15 MI E@ three-necked flask immersing in an oil
bath. The oil bath was then placed on a heatingtlmaguipped with a magnetic stirrer. The
solution was heated to 17G and maintained at this temperature for 30 miretnove water.
NaS in EG (80 pL at 1.54 mg/mL) and 1 mL EG contain®® mg AgNQwere rapidly added
into the flask in this order. The reaction mixtwras maintained for different times (30 - 120
min) at 170°C before cooling to room temperature. To purify pnl5 mL acetone was added
into the final reaction solution, the mixture waen centrifugated at 4,000 - 5.000 rpm for 5
min. The precipitated nanoparticles were re-diggersn 15 mL deionized water. The
purification process was repeated at least 3 ttmesmove excess reactants.

2.3. Synthesis of hollow Au structures

Hollow gold nanostructures were prepared via gatvamethod by reaction of HAugkalt
with Ag prepared nano-templates. In a typical sgaith, 1 mL solution of purified Ag sample
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was diluted in 20 mL deionized water and placed three-necked flask on a magnetic stirrer.
The solution was magnetically stirred and then bldveated to 106C. At this temperature, a
certain volume of gold salt solution made of 12 iHyuCl, and 180 mg PVP dissolving in 18
ml deionized water was injected into the flask. Aft® min, the solution was cooled down
slowly to room temperature.

2.4. Instrumentation
TEM (transmission electron microscopy) was doneadBM 1010(Japan) microscope. The
UV-Vis spectra of samples were acquired on a J&630 (Japan) spectrophotometer. The

photo-thermal effect was investigated on the honi#-instrument, where the gold sample
solution was irradiated with an 808 nm semiconahgcltaser at a power of 1.8 W.

3. RESULT AND DISCUSSION
3.1. Ag templates
It was well known that the optical properties oflba Au nanostructures strongly depend on
their morphology, which in the case of a galvargplacement reaction is determined by the

morphology of the Ag nanoparticles. Table 1 sumsesithe influence of the synthetic
conditions used to prepare silver nanoparticletherAg particles’ morphology.

Table 1.The effect of reaction conditions on the morpholofiAg nano-templates.

Sample PVP  AgNO;(mg) Time reaction Shape
(mg) (minutes)
STO1-30 30 rod, sphere
STO1-60 60 rod, sphere
54 96
STO1-90 90 Sphere
STO1-120 120 Sphere
STO2-30 30 Sphere
STO2-60 60 Rod
108 96
STO2-90 90 cube
STO2-120 120 cube
STO3-30 30 sphere
STO3-60 60 sphere
162 96
STO3-90 a0 sphere, rod, cube
STO3-120 120 cube, sphere

It can be seen that the experimental parameteasisidimg PVP amount and reaction time
strongly affect the shape of Ag nanoparticles. &ample, at the lower polymer amount of 54
mg PVP, a mixture of rod and spherical-like Ag naauticles was obtained with reaction times
of 30-60 min and solely spherical-like shapes @120 min reaction (Table 1 and Figure a.1-
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4). At the higher polymer amount of 108 mg PVP, semoparticles with different shapes were
observed depending on the reaction time (Table dL Eigure b.1-4). Spherical-like (strictly
faced shape) Ag nanoparticles formed at the irstiazdje of the reaction then developed into rod-
like shape after 60 min. By prolonging the reactiome to 90 and 120 min, Ag nanocubes were
obtained. By increasing the PVP amount further@® thg, a similar trend in the morphological
evolution of Ag nanoparticles was observed. Heamoparticles with faced shape were initially
formed in the solution and these evolved into défe shapes, including rods and cubes,
depending on the reaction times (Table 1 and Figuird).

_‘ e

Figure 1L TEM images of Ag template prepared under difiesynthetic conditions: a.1-4) 54, b.1-4)
108 and c.1-4) 162 mg PVP with different reactiomess: 30 (a-c.1); 60 (a-c.2), 90 (a-c.3) and 120 m
(a-c.4). Scale bar: 100 nm.

Morphological evolution of Ag nanoparticles withethreaction time was previously
investigated by several authors [18,19]. Accordiniia et al, the reduction of Agby ethylene
glycol (EG) at high temperature produced small heth Ag nuclei [19], which usually favour
for the formation of nanorods. In the presenceroktchant (oxygen, chloride or sulfide), the
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rods are then rapidly dissolved leading the re-&drom of single-crystal seeds, preferential for
the growth of Ag nanocubes. Thus, an explanatiorhfov our syntheses generate nanorods is
that small faceted twinned nanoparticles were farimethe solution at the initial stage of the
synthesis, which triggered the subsequent formatioranorods.

By extending the reaction time, the nanoparticlesvg However, in the presence of sulfide
as an etchant, the twinned nanorods will be digsbtlue to the selective etching property of Ag
nanoparticles (twinned Ag NPs are more easily elctian single-crystal ones) releasing
abundant monomer (Ag atoms) in the solution, whézd to a secondary nucleation and then
growth of the nanoparticles with different shapg@ateding on the PVP concentration. At the
medium polymer amount (108 mg), PVP molecules aseiraed to preferentially attach to the
lowest energy {100} facets and inhibited further timese. In contrast, the other facets,
particularly{111}, continue to grow, resulting ihg formation of nanocubes. At the lowest PVP
amount (54 mg), the PVP layer is not dense enoagkduce the growth on the {100} facets,
thus leading to spherical or faced shape nanopesti¢iowever, under the highest polymer
amount of 162 mg, PVP molecules are excessiveeisttution, which prevent the nanopatrticles
grow in a particular direction and as a resultethshape nanopatrticles. In fact, mainly faced-
and a few rod-shape nanoparticles are observe&hM images (Figure c.1-3) after 30 - 90 min
reaction.

3.2. Au hollow structures

Gold hollow nanostructures were synthesized throtighgalvanic replacement reaction
using silver nanoparticles as templates. The cl@mieaction involved in the galvanic
replacement process is the following:

3Ad° (s) + AU = Al® (s) + 3Ad

Here, Ag nanoparticles serve as both reducing aaetttemplates to produce the hollow
Au nanostructures. Their size, shape and monodispevill determine the morphology of the
hollow nanostructures and so their optical propertThese parameters can be controlled by the

Au**/Ag concentration ratio.
: ’
)

b)

)
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Figure 2TEM images of Ag nano-templates (a) and the hokawnanostructure prepared at 1.5 (b),
3 mL(c) HAuC], solution. Scale bar: 20 nm.

Figure 2 shows examples of hollow Au nanopartigespared with different volumes of
gold salt solution when using Ag nanocubes as tategl It can be seen that the obtained Au
nanoparticles have a cubic shape, similarly thathef Ag templates. At the edge of the Au
nanoparticles for both samples prepared at 1.5malL3amL gold salt solution, the mass contrast
is darker than inside, which suggests the formaibhollow nanostructures. The formation of
the hollow Au nanoparticles was also evidencedhgypale blue or grey colour of Au solutions
(Figure 2d) instead of the red colour displayedcbgventional gold colloids or light brown of
the template Ag colloid solutions. The size of bmdlow Au nanostructure is about 50 - 60 nm,
similar to that of the Ag templates, with a walichkness of ~7 nm. In addition, the presence of
several light areas inside the particles suggést&xistence of open channels between the void
and surfaces of the hollow Au nanopatrticles.

3.3. Optical properties

Figure 3 shows the absorption UV-vis spectra ofndgocubic-shape template and hollow
Au samples synthesised with different volumes ofuldh solution. It is clear that the plasmon
resonance depends on the volume of gold salt seakitised. The 50 nm Ag nanocubic template
(Figure 2.a) has an initial plasmon peak at 425 When a small volume of gold salt solution
(0.5 mL) was added, the plasmon peak was red-ghifitd65 nm. Increasing the volume of gold
salt solution to 1.5 mL, resulted in the plasmoakpat 762 nm and with 3 mL gold salt solution
this peak red-shifted to 860 nm.
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Figure 3.UV-vis spectra of Ag nanocubes (blue) and the holjpld samples synthesized with different
volumes of HAuCjsolution: 0.5 mL (red), 1.5 mL (pink) and 3 mL4bk).
3.4. Photo-thermal effect of hollow Au nanostructues

One of the most interesting potential applicatiasfs gold hollow nanoparticles is
hyperthermia treatment of cancer. Tumor cells @ to be more sensitive to a temperature
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increase than normal cells. Heating tumor cellsattemperature of 42 - 48 will fatally
damage the cells. Moreover, hyperthermia seemsthfynthe surface of the cell, such that they
are easier recognised by the immune system. leuhent study, tevaluate the potential of
the hollow gold nanoparticles for photo-thermal camntherapyve investigated the photo-
heating effect of the gold nanoparticles under niefia-red laser irradiation. Around 0.2 mL
solution was irradiated with an 808 nm diode lggewer 1.8 W) and the temperature change
was recorded by a temperature sensor (PT100) inschénshe solution. The experimental setup
for heating Au colloidal solution was illustratedfigure 4.
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Figure 4.lllustration of experimental setup for heating ball Au nanostructures
using an 808 nm diode laser

Figure 5 shows the temperature change with thdiatian time of the samples prepared at
the different hollow Au nanoparticle concentratiofRer a control water sample, a small change
in the temperature from 3Z to 37°C was recorded after 10 min irradiation. At 40 pig/&u
of hollow nanoparticles, the solution temperatureréased to 48C after 2 min and reached a
maximum of 43°C after about 6 min. At higher Au concentration6531g/mL of hollow Au
nanostructures), a sharper increase in temperatase observed. The solution temperature
reached 45C after just 30 s and a maximum value of6mafter 5 min irradiation.
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Figure5. The temperature change with the irradiation timéafow Au colloidal solution at different Au
concentrations: water (blue line), 40 (red lined 465 pug Au/mL (black line).Power of the laser 8 1.

4. CONCLUSION

We have successful demonstrated a simple approagftepare hollow Au nanostructures
utilizing Ag nanocubes as self-sacrificing tempgat€he obtained hollow Au nanoparticles with
relatively small size of around 50 nm showed adamed-shift their plasmon absorption peak to
860 nm and exhibited a high capacity for photo#ttadr conversion of 808 nm light. The
effective conversion of near infra-red light by thmllow Au nanostructures into heat
demonstrates their potential in photo-thermal @aibns. Since these materials are hollow, they

open the possibility of their carrying a payloadhieh might be activated by local photo-thermal
heating.
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TOM TAT

TONG HOP VA TINH CHAT QUANG CUA CAU TRUC VANG RONG CHE TAO BANG
PHUONG PHAP TH: GALVANIC

Ngo T. Dung, Le T. LU, Thieu T. Dung Vu T. T. Duond, Nguyen V. Hung
Pham V. Vinf, Nguyen T. Vuony David G. Fernig

Vién Ky thugt nhiét dsi, Vien HLKHCNVN,18 Hoang Qic Viét, Ciu Gidy, Ha Nii
’Khoa \it ly, Bai hoc Sr phum Ha Nji, 136 Xuan Thy, Dich \Wwng, Ha Nji
3Vién Vit ly, Vien HLKHCNVN, 18 Hoang Qie Viét, Cau Gigy, Ha Noi
“School of Biological Sciences, University of Livaal) Crown Street, L69 7ZB, UK

"Email: ltlu_itims@yahoo.com

Bai bao trinh bay nghiénra ché tao hat nano Au éng bing phrong phép th galvanic &
dung tamplate la cacahnano Ag.Anh hrong aiadiéu kién thyc nghém nhr nong d6 PVP va
thoi gian phin (tng dén kich thrgc, hinh dng vadeé dongdéu cia hat nano Agda duoc tién hanh
khao sat. & dung hat nano Ag hinhdp phrong lam template, ching té& ck tao thanh céng
hat nano vangdng c6 kich tixéc 50 nm. Kt qua thu dugc cho thy dinh @ng hréng Plasmon
cua hat Au rong ki anh hrong rt manh ki lugng mui vang sr dung va co th diéu khién trong
khoing 460 nmdén 860 nm khi thaytdi luong mubi vang sr dung tr 0.5 mL |én 3 mL. kit
vang Bng co te duoc dét nong ting viéc ar dung laze Bng ngai cé hrdc séng 808 nm (cong
Suit 1.8 W), nhét d6 cuc dai cua miu dat duoc 1a 55°C chi sau 5 phat clii laze Diéu nay cho
thiy cac ht vang bng cé tém ning ung ding to bin trong tnh wc quang nhit tri haic chup
anh quang trong y sinh.

Tir khoa ciu tric vang dng, phin tng thé galvanic, 6ng hrong k& mit plasmon.
Luuy:

Stra $ trang?



