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This article introduces a facile nanoparticle self-assembly/annealing method for the preparation of nanoisland films. 
First, nanoparticle-polymer multilayer films are prepared with layer-by-layer assembly. Nanoparticle multilayer films 
are then annealed at ~ 500 oC in air to evaporate organic matters from the films. During the annealing process, the nano-
particles on the solid surface undergo nucleation and coalescence, resulting in the formation of nanostructured gold 
island arrays. By controlling the overall thickness (number of layers) of nanoparticle multilayer films, nanoisland films 
with various island density and different average sizes are obtained. The surface property of gold nanoisland films is 
further controlled by the self-assembly of alkanethiols, which results in an increased surface hydrophobicity of the films. 
The structure and characteristics of these nanoisland film arrays are found to be quite comparable to those of nano-
island films prepared by vacuum evaporation method. However, this self-assembly/annealing protocol is simple and 
requires only common laboratory supplies and equipment for the entire preparation process.  
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Introduction

The detection of molecular interactions using a simple and 
small nanostructured array has drawn an intense interest, be-
cause it offers several benefits such as the use of small analyte 
volumes and the rapid response read-outs.1,2 Especially, the 
nanostructure-based plasmonics have recently attracted a great 
deal of attention in miniaturized optical devices and sensors as 
well as in medical diagnostics.3

Surface plasmon resonance (SPR), which is one of the most 
popular choices as a plasmonic sensing system, is a label-free 
technique that can provide data on adsorption and/or desorption 
events that occur at a metal/dielectric interface.4-6 For more than 
20 years, SPR sensors, which are based on copper, gold, or silver 
planar films, have been used as refractive index-based sensors 
to detect analyte binding. The preponderance of optical sensing 
applications based on SPR is that it must be measured in an atte-
nuated total reflection mode.3,7 In addition, SPR sensors require 
a quite large area (10 µm × 10 µm) for sensing experiments.

Recently, localized surface plasmon resonance (LSPR)-based 
nanosensors are developed to complement the existing SPR sen-
sors.8-22 In LSPR sensing, the spot size can be minimized to a 
small number of individual sensing elements with an in-plane 
width of less than ~ 100 nm. Therefore, LSPR-based nanosen-
sors can be extremely simple, small, and light. In addition, the 
LSPR nanosensors can be used in both transmission mode and 
reflection mode.8-22 When UV-vis extinction spectroscopy in 
transmission geometry is used for sensing, it is known as trans-
mission localized surface plasmon resonance (T-LSPR) sensing. 
The major advantage of T-LSPR sensing over conventional SPR 
sensing lies in the low-cost samples and simple experimental 
setup, which can be reduced to measurements at a single wave-
length in a transmission configuration.

The T-LSPR nanosensor arrays based on small gold or silver 

nanostructures have been extensively studied by Rubinstein, 
Van Duyne, and others.8-31 Rubinstein’s method involves a pre-
paration of ultrathin (less than 10 nm) semi-transparent gold 
island films by vacuum evaporation onto inert transparent sub-
strates.15-22 Van Duyne’s nanosphere lithographic techniques in-
volve the fabrication of arrays of triangular silver nanoparticles 
in the interstices between the elements of the nanosphere depo-
sition mask.8-14 The removal of the deposition mask following 
thermal deposition, pulsed laser deposition, or e-beam deposi-
tion of metal leaves triangular nanoisland arrays on the solid 
substrates. Changes in the gold or silver surface plasmon (SP) 
extinction induced by the binding of various analytes to the 
island surface or to a molecular layer on the island surface can be 
monitored using transmission UV-vis spectroscopy.

This paper describes our attempts to develop a new method 
that can replace or complement the previously reported pro-
cesses of lithography and thermal vacuum evaporation for the 
nanoisland film preparation. Our proposed method is based 
on a facile nanoparticle self-assembly/annealing method, which 
is simple and requires only common laboratory supplies and 
equipment for the entire process. In addition, this method allows 
us to change the parameters (e.g. island size) that control the 
sensitivity of gold nanoisland films by simply altering the con-
ditions of nanoparticle multilayer film preparation.

Previously, preparation of thin metal films generated by ther-
molysis of nanoparticle multilayer films has been demonstrated 
by the Murray group.32 In this method, multilayer films of car-
boxylate-functionalized alkanethiolate-protected nanoparticles 
were assembled using Cu2+ coordinative bridges. The nanopar-
ticle multilayers were thermally decomposed at moderate tem-
perature (< 350 oC) to produce films of the core metal. The thio-
late ligands surrounding the nanoparticle cores escaped as 
volatile disulfides. This resulted in the formation of solid, con-
tinuous metal films rather than nanostructured metal films. The 
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formation of continuous metal films in this study was resulted 
from the use of relatively thick nanoparticle multilayer films 
and the presence of the highly mobile linkers (Cu2+). 

Our attempt is based on the preparation of gold nanoisland 
arrays from nanoparticle multilayer films with a controlled num-
ber of nanoparticle layers, so that there can only be enough 
concentration of gold to form discontinuous films. Organic lin-
kers that can resist high mobility of nanoparticles on solid 
surface are also used to help facilitate the formation of nano-
island-like structures. In specific, self-assembly/annealing of 
nanoparticle multilayer films containing small gold nanopar-
ticles (~ 2.2 nm) and polymer linkers is attempted for the for-
mation of isolated nanodomains on glass substrates. 

Experimental Section

Materials. The following materials were purchased from the 
indicated suppliers and used as received: Hydrogen tetrachloro-
aurate (HAuCl4･3H2O), tetraoctylammonium bromide, tolu-
ene, sodium borohydride (NaBH4), ethyl alcohol, acetone, tetra-
hydrofuran (THF), glass microscope slides, and 3-mercaptopro-
pyl trimethoxysilane (MPTS) were purchased from Fisher 
Scientific. A 1-pentadecanethiol, 1-dodecanethiol, 1-nonaneth-
iol, 1-hexanethiol, 11-mercapto-1-undecanoic acid, and poly 
(allylamine hydrochloride) (PAH; MW ca. 70,000) were pur-
chased from Aldrich. Water was purified by Barnstead NANO-
pure Diamond ion exchange resins purification unit. 

Synthesis of COOH-Functionalized Gold Nanoparticles. The 
COOH-functionalized gold nanoparticles (MUA-NPs: average 
molecular formula of Au314L91) used for the film preparation 
were synthesized by the following methods.33-35 Hexanethiolate- 
protected gold nanoparticles were first synthesized using a con-
venient two-phase synthesis known as the Schiffrin reaction. 
Briefly, AuCl4

‒ was transferred to toluene using tetraoctylam-
monium bromide as the phase-transfer reagent. The addition of 
hexanethiol (2/1 mole ratio to HAuCl4) to organic-phase AuCl4‒ 
followed by the reduction with NaBH4 generated hexanethio-
late-protected gold nanoparticles with average core size of ~ 2.2 
nm. The incorporation of COOH-functional groups to the mono-
layer involved a modification of the hexanethiolate-protected 
gold nanoparticles by ligand-replacement.34,35 In the exchange 
reaction, the incoming 11-mercaptoundecanoic acid (MUA) 
ligands replaced the hexanethiolate ligands on nanoparticles 
in THF by an associative reaction. The relative concentration 
of incoming ligands was carefully controlled for the synthesis 
of nanoparticles to have ~ 20% of COOH functional groups in 
the monolayers. The 1H-NMR spectroscopy was used to deter-
mine the extent of the ligand exchange.

Functionalization of Glass Slides. The silanization procedure 
started with glass microscope slides that were cleaned in a 
“piränha” solution (3/1 H2SO4/H2O2), rinsed thoroughly with 
distilled water, and placed in a 100 mL isopropyl alcohol solu-
tion containing 1 mL of MPTS and 1 mL of nanopure water.35 
(Caution: Pirahha solution reacts violently with organic mate-
rials and should be handled with extreme care.) After heating for 
30 min, the glass slides were rinsed with ethanol, blown dry 
with N2, and allowed to dry in a 100 oC oven for at least 30 min. 
These previous processes (heating, washing, and drying) were 

repeated at least two more times. The prepared glass slides 
were stored in a dry cabinet for future use.

Preparation of Gold Nanoparticle Multilayers. For multi-
layers containing polymer linkers, 10 mg of PAH was dissolved 
in 10 mL of nanopure water yielding ca.14 µM solution concen-
tration. The ca. 30 µM NP solutions used in the buildup of multi-
layers were made by dissolving 10 mg of MUA-NPs in 10 mL 
of pure ethanol. To build the gold nanoparticle multilayers onto 
glass slides, the MPTS-functionalized glass slides were placed 
in the ethanol solution containing MUA-NPs (~ 2.2 ± 0.8 nm in 
diameter) for 24 hours.35 Then, the slides were alternately placed 
in the aqueous solution containing PAH and in the nanoparticle 
solution for ten minutes each to build the second layer of the gold 
nanoparticle films. This last procedure was repeated three or five 
more times to build five or eight layers, respectively, of the gold 
nanoparticle multilayer films.35 UV-vis spectroscopy was used 
to monitor the multilayer film formations.

Thermal Annealing of Nanoparticle Multilayer Films. Nano-
particle multilayer films were heated in a Barnstead Thermolyne 
1300 furnace under air for one hour and characterized by moni-
toring the changes in the absorbance of nanoparticle films by 
UV-vis spectrophotometer. The controlled temperature was 
set at 100 oC, 200 oC, 300 oC, 400 oC, or 500 oC each within ± 5 
oC. The annealed slides were left to cool in air to room tempera-
ture and stored immediately in a dry cabinet.

Preparation of Biotin-Functionalized Gold Nanoisland Films. 
Each slide was placed overnight in 1.0 mM MUA solution (2.2 
mg of MUA in 10 mL ethanol). The slide was washed with etha-
nol and placed in a 10 mM DCC solution (21 mg DCC in 10 mL 
ethanol) for 2-3 hours. The slide was washed with ethanol and 
then placed in a solution containing 0.1 M ethylene diamine 
(0.067 mL ethylene diamine and 10 mL ethanol) for 2-3 hours. 
Then the slide was washed with ethanol and placed in a solution 
containing 1.0 mM Biotin and 2.0 mM DCC (4.4 mg DCC, 2.5 
mg biotin, and 10 mL ethanol) for 2-3 hours. 

T-LSPR Sensing of Streptavidin. The slide was placed in a 
cell with phosphate-buffered saline (PBS) solution and mea-
sured the UV-reading of absorbance vs. wavelength using the 
UV-2450 UV-vis spectrophotometer. This was noted as a 0 
minute measurement. The PBS solution was replaced with the 
solution containing 100µg/mL or 1 µg/mL of streptavidin in 
PBS. A UV reading was taken every 2 minutes after the addition 
of streptavidin solution. 

Measurements. Transmission UV-vis spectra of nanoparticle 
multilayer films and nanoisland films were acquired on a Shi-
mazu UV-2450 UV-vis spectrophotometer with a film (slide) 
holder. A baseline correction procedure (the spectrum of a stan-
dard glass slide was taken as baseline) was executed prior to 
each measurement session. 

Transmission electron microscopy (TEM) images of nano-
particles were obtained with a JEOL 1200 EX II electron micro-
scope operating at 120 keV. Samples were prepared for TEM 
by casting a single drop of a toluene solution onto standard car-
bon-coated (80 - 100 Å) Formvar film on copper grids (200 
mesh) and drying in air for at least 30 min. Several regions were 
imaged at 200,000X. Size distributions of the gold cores were 
obtained from digitized photographic enlargements with Scion 
Image Beta Release 2.
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Figure 1. UV-vis spectra of nanoparticle multilayer films with 2-, 5-,
and 8-layer nanoparticle assemblies. 
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Figure 2. UV-vis spectra of nanoparticle multilayer assemblies (5- 
nanoparticle layers) before and after annealing at the temperature rang-
ing from 100 to 500 oC. 

The TGA analysis was conducted on a SDT Q600 thermal an-
alysis instrument using an ultrahigh purity (UHP) nitrogen 
atmosphere (flow rate of 100 mL/min), with heating from room 
temperature to 600 oC at a heating rate of 20 oC/min. 

Contact angles of H2O were measured at room temperature 
and an ambient relative humidity using KSV model CAM 101 
contact angle goniometer. The contacting liquids were dis-
pensed and withdrawn at the slowest possible speed (ca. 1 µL/s). 
The data was collected and averaged over three separate slides 
using 3 spots per slide for each type of films. 

Atomic force microscopy (AFM) images were acquired in 
an ambient condition with Nanoscope IIIa Multimode scanning 
probe microscope (Digital Instruments, Santa Barbara, CA) 
using tapping mode. A silicon probe with the EV scanning head 
was employed. The nanoisland films were imaged with no fur-
ther sample preparations. Most of the images were obtained 
using Tap 150Al-G tips from Budget Sensors. Scanning para-
meters varied with individual tips and samples, but typical 
ranges were as follows: tapping frequency of 150 kHz and scan 
rate of 1 - 3 Hz. The grain size distribution was obtained from 
the AFM images using watershed segmentation in ImageJ.  

Results and Discussion

Preparation and Annealing of Gold Nanoparticle Multilayer 
Films. Recently, we have reported the layer-by-layer (LbL) 
assembly and the stability evaluation of nanoparticle hybrid 
multilayer films on solid surfaces.35 Self-assembly of nano-
particle multilayer films was based on an interaction between 
carboxylic acid (COOH)-functionalized nanoparticles and lin-
kers.35-39 Previously, the linkers such as metal cations, ionic 
polymers, and dendrimers were used for the preparation of  vari-
ous nanoparticle hybrid multilayer films. 

It was known that the solid-state annealing of nanoparticles 
at relatively low temperatures (100 - 250 oC) results in the 
nucleation and aggregation of nanoparticles.40-42 Controlling 
the degree of nucleation during this annealing process and the 
concentration of gold nanoparticles in the films is critical in 
terms of the preparation of gold nanoisland films rather than the 
formation of random metallic gold films. It is likely that a fast 
aggregation of particles will cause the formation of thin gold 
films or large gold aggregates, depending on the concentration 
of gold nanoparticles. In comparison, a slow aggregation will 
likely retain gaps between the groups of nanoparticles and result 
in the formation of small gold island domains. 

Our previous studies examined the nucleation and aggreg-
ation tendency of nanoparticle hybrid multilayer films with 
different linkers by annealing the films at ~ 100 oC.35 The change 
in absorbance intensity and the shift in SP bands in UV-vis spec-
tra are related to internanoparticle spatial, particle aggregation, 
and surrounding medium properties. Spectroscopic investiga-
tions before and after heating treatments at ~ 100 oC indicated 
that the thermally induced structural evolution of nanoparticle 
multilayer films was dependent upon the chemical nature of lin-
kers. Nanoparticle-polymer multilayer films among various na-
noparticle linker systems exhibited a high stability against a hea-
ting treatment at ~ 100 oC. This suggests that ionic polymers pre-
vent a fast aggregation of nanoparticles on the surface more effi-

ciently. The multiple linkages formed between polymer linkers 
and nanoparticles likely cause the diffusion of nanoparticles 
in the polymeric matrix more difficult. Since poly(allylamine 
hydrochloride) (PAH) is also an inexpensive and accessible in-
dustrial reagent, nanoparticle multilayer films based on PAH 
linkers were chosen as a target precursor for nanoisland films. 

The LbL films of gold nanoparticles-PAH linkers (Au NPs- 
PAH) were grown on the surface of reactive glass substrates as 
described in Experimental Section. UV-vis spectra of gold na-
noparticle films are known to exhibit surface plasmon (SP) band 
of gold at ~ 525 nm. This band gradually becomes more evident 
as successive layers are added to the films. Figure 1 shows the 
UV-vis spectra of Au NPs-PAH multilayer films containing 2, 
5, or 8 layers of gold nanoparticles on glass substrates. Nano-
particle multilayer films with a controlled number of nanopar-
ticle layers were prepared for the information regarding the 
concentration of gold nanoparticles that can generate discon-
tinuous films. The wavelength of the SP band of gold showed a 
subtle increase and broadening toward the longer wavelength 
region from ~ 525 nm to ~ 540 nm with an increasing film thick-
ness (increasing number of nanoparticle layers). These slight 
red-shifts are the result of the smaller interparticle distance 
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Scheme 1. Preparation of gold nanoisland films from nanoparticle- 
polymer multilayer films and formation of self-assembled monolayers.

            400           500           600           700           800

                                           Wavelength (nm)

NIs from 2 layers
NIs from 5 layers
NIs from 8 layers

0.20

0.15

0.10

0.05

0.00

A
bs

or
ba

nc
e

Figure 3. UV-vis spectra of gold nanoisland film arrays generated 
from 2-, 5-, and 8-layer nanoparticle assemblies after annealing at 
500 oC for 1 hour.

Table 1. Contact Angles of Water for Nanoparticle Multilayer and 
SAM-modified Nanoisland Films.a

Films Contact Angles 
(θ, o)

Au NPs-PAH multilayer films 81 ± 3
Au NPs-PAH multilayer films (annealed at 200 oC) 42 ± 3
Au NPs-PAH multilayer films (annealed at 400 oC) 21 ± 4
Au NPs-PAH multilayer films (annealed at 500 oC); 
nanoisland films ~ 0

CH3(CH2)5SH-modified gold nanoisland films 48 ± 5
CH3(CH2)8SH-modified gold nanoisland films 43 ± 4
CH3(CH2)11SH-modified gold nanoisland films 59 ± 4
CH3(CH2)14SH-modified gold nanoisland films 62 ± 5
aThe Au NPs-PAH 5-nanoparticle layer films were used for these contact 
angle studies.

after the deposition on solid surfaces.35 
The Au NPs-PAH films with 5-nanoparticle layers were 

each heated at 100 oC, 200 oC, 300 oC, 400 oC, and 500 oC for 
one hour to see the effects of annealing temperature. The SP 
band at ~540 nm of the multilayer films underwent a large evo-
lution at temperatures above 300 oC (Figure 2). This spectral 
evolution suggests that the gold nanoparticles undergo nuclea-
tion and coalescence on the glass surface resulting in the form-
ation of large grain-like structures. The absence of red-shift in 
the SP band after annealing indicates the annealed films form-
ed single layers of laterally-spaced islands. Thin gold metallic 
films, which should exhibit a damped SP optical feature, were 
clearly not produced in any experiments performed here.32,41 
The spectroscopic characteristics of films after annealing at 
400 oC and 500 oC were almost identical. This indicates that the 
gold nanoisland-type structure was formed at the temperature 
above 400 oC.

Formation and Characterization of Gold Nanoisland Films. 
It is known that heating treatments of relatively thick nanopar-
ticle films at temperatures above 350 oC resulted in the removal 
of organics (alkanethiols) and the formation of bare gold films 
on solid substrates.32 However, for the formation of gold nano-
island films (Scheme 1) in our approach, nanoparticle-polymer 
multilayer films were annealed at higher temperatures (~ 500 oC) 
to thermally evaporate ionic polymers (PAH). Annealing of the 
films at ~ 500 oC was necessary to ensure the removal of PAH, 
which can be completely vaporized at ~ 460 oC based on the ther-
mogravimetric analysis (TGA) result. 

Different gold nanoisland films were generated from Au 
NPs-PAH multilayer films with two, five or eight layers of gold 
nanoparticles after annealing at ~ 500 oC. The optical properties 
of the films were examined using transmission UV-vis spectro-
scopy (Figure 3), showing strong SP bands around 533, 541, and 
542 nm for nanoisland films generated from Au NPs-PAH 2-, 
5-, and 8-nanoparticle layer films, respectively. Similar SP 
bands have been observed from Rubinstein’s vacuum evapo-
rated films after annealing at 200 - 250 oC.19,21 Their study 
showed that the increase in the optical intensity was observed 
upon increasing the nominal thickness of the evaporated island 
films. UV-vis spectra of our nanoisland films generated from 
Au NPs-PAH multilayer films with 2-, 5-, or 8-layers of gold 
nanoparticles also showed a strong dependence of the localized 
gold SP band intensity on the composition of gold island films. 
The average SP band intensity of island films increased with 
increasing number of nanoparticle layers in nanoparticle multi-
layer films. 

The contact angle measurements were performed to confirm 
the removal of organic matters from the surface. The data in 
Table 1 show that the average contact angles of water are 81 ± 3o 
for the Au NPs-PAH 5-nanoparticle layer films. The contact 
angles decrease as the annealing temperature increases, attesting 
no measurable angle after annealing at ~ 500 oC. The data (θ = 
~ 0o; not measurable) for the corresponding films after annealing 
at ~ 500 oC suggest that the produced nanoisland films are quite 
hydrophilic. This phenomenon can plausibly arise from stronger 
interactions between water and the heterogeneous surfaces of 
gold nanoisland and exposed glass surfaces after thermal evapo-
ration of organic matters from the films. 

Since the reproducibility of the self-assembly/annealing 
method is very important, multiple batches of arrays with each 
batch containing more than 20 nanoisland films were prepared 
and their optical properties (intensity and wavelength of absorp-
tion (SP) bands) were examined. The results showed > 80% of 
produced nanoisland films have a similar average intensity of 
SP bands. The wavelength of the SP band (541 ± 4 nm) was 
highly reproducible for all arrays produced. The < 20% of 
arrays, which have substantial deviation of SP band intensity, 
were discarded immediately and were not used for any further 
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Figure 4. AFM images (1 µm × 1 µm) of (a) nanoparticle multilayer (5-
nanoparticle layers) films (pre-heating), (b) nanoisland films generated
from 2-layer nanoparticle films (post-heating at 500 oC), (c) gold 
nanoisland films generated from 5-layer nanoparticle films (post- 
heating at 500 oC), and (d) gold nanoisland films generated from 8- 
layer nanoparticle films (post-heating at 500 oC).
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Figure 5. Size histograms of gold nanoisland films generated from 5- 
and 8-nanoparticle layer films.

experiment. The color of the defected arrays was noticeably 
dimmer (pink vs. purple), which made the defected slides easily 
distinguishable from the other arrays that were in a good con-
dition. The formation of defected slides is likely driven by the 
poor quality of the glass substrates and the incomplete functio-
nalization of glass surfaces with MPTS.

Atomic force microscopy (AFM) has been used as a good esti-
mation tool for the shapes and sizes of the islands. Despite the 
AFM tip convolution effect, AFM images have been found to 
correspond well with high resolution scanning electron micro-
scopy (HRSEM) results.21 The AFM image of Au NPs-PAH mul-
tilayer (5-nanoparticle layer) films was slightly inhomogeneous 
and a bit blurry, most likely due to the presence of soft polymer 
linkers and other organic matters (Figure 4.a). After annealing at 
500 oC for one hour, the films showed rounded, nanoparticle- 
like morphologies with some separation among the islands in 
AFM images. These results confirmed that the annealing of Au 
NPs-PAH multilayer films at ~ 500 oC caused the nucleation and 
coalescence of gold nanoparticles and the formation of nanois-
land structures on the glass surfaces (Figure 4.b-d). 

AFM results also showed that, by changing the number of 
particle layers in Au NPs-PAH multilayer films, one can control 
the density and the average diameter of island grains. Gold nano-
island films obtained from 2-nanoparticle layer films (with one 
PAH layer) turned out to be quite polydisperse (Figure 4.b). 
There were many small grains all over the surface. However, 
several larger island structures were also observed. The overall 
concentration of gold nanoparticles in the Au NPs-PAH 2-nano-
particle layer films was most likely too low to produce monodis-
perse island structures. The small grain sizes for these nanois-
land films generated from Au NPs-PAH 2-nanoparticle layer 

films was clearly reflected in the UV-vis spectrum (Figure 3), 
showing a lower intensity of gold SP band. The lower wave-
length of the SP band at 533 nm compared to the SP bands 
(541 - 542 nm) of nanoisland films generated from 5-nano-
particle and 8-nanoparticle layer films also suggested that the 
grains in these films resemble large gold nanoparticles (SP bands 
at ~ 520 nm). Nanoisland films from 5-nanoparticle and 8-nano-
particle layer films were more monodispersed as shown in 
Figure 4.c and 4.d.

After modification of the AFM images to remove the scan-
ning artifacts, the watershed algorithm in Image J was used to 
measure and analyze island grains. The grains in the edge of the 
scanned area were not included for the analysis to reduce the 
error. Figure 5 is a histogram showing the number of island 
grains against the radii for nanoisland films generated from Au 
NPs-PAH 5-nanoparticle layer and 8-nanoparticle layer films. 
The nanoisland films generated from Au NPs-PAH 2-nanopar-
ticle layer films could not be analyzed because the analysis 
required the techniques beyond the scope of current algorithm. 
The average radius of the nanoisland films from 5-nanoparticle 
layer was 19.08 ± 9.94 nm and that of nanoisland films from 8- 
nanoparticle layer films was 14.43 ± 5.91 nm. The morphologies 
of these nanoisland film arrays were quite comparable to those 
of nanoisland films prepared by vacuum evaporation met-
hod.15-22 As shown in Figure 5, the nanoisland films generated 
from 8-nanoparticle layer films had more grains and the peak 
of the distribution moved to a lower value. Density of grains 
for nanoisland films from 5- and 8-nanoparticle layer films 
was estimated to be ~ 500 grains/µm2 and ~ 950 grains/µm2, 
respectively. These results showed that the gold nanoisland 
films generated from 8-nanoparticle layers have a much higher 
island density along with a high concentration of smaller grains. 
The high concentration of smaller island domains for nanoisland 
films generated from Au NPs-PAH 8-nanoparticle layer films 
was indicated in UV-vis spectrum (Figure 3) as highly intense 
SP bands of gold. The wavelength of the SP bands (~ 541 - 542 
nm) was almost identical for the nanoisland films generated 
from 5- and 8-nanoparticle layers. The similar wavelength of SP 
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Figure 6. UV-vis spectra of biotin-functionalized gold nanoisland films
prepared at 550 oC before and after exposure to streptavidin with the 
concentrations of (a) 100 µg/mL and (b) 1 µg/mL.

bands for two nanoisland films was likely resulted from the 
combination of different island density (concentration) and dif-
ferent average island size, canceling out the effects of each other.

These results were somewhat different with the trend observ-
ed by Rubinstein’s vacuum evaporation method.19 Rubinstein 
showed that, in general, the average island size increases with 
the increased amount of evaporated gold. Despite the increased 
concentration of nanoparticles (from 5 layers to 8 layers; 60% 
increase) per area, the average size of nanoisland arrays gene-
rated from 8-nanoparticle layer films was even smaller. The 
concentration of polymer linkers (from 4 layers to 7 layers; 75% 
increase) in Au NPs-PAH 8-nanoparticle layer films was in-
creased even more and seems to be an important factor for these 
results. The increased concentration of PAH linkers might have 
limited the nucleation of nanoparticles more during the annea-
ling process of Au NPs-PAH 8-nanoparticle layer films, resul-
ting in the formation of smaller grains. 

Formation of Self-assembled Monolayers on Gold Nanois-
land Films. Assembly of various thiol monolayers with different 
ω-functional groups will be important for future specific and 
nonspecific binding studies using gold nanoisland films. In addi-
tion, self-assembled monolayers (SAMs) of alkanethiols pro-
vide an ideal system for studying surface properties of coated 
gold nanoisland arrays.43 In the technique of self assembly, the 
exposure of a gold surface to a solution of alkanethiol or dialkyl 
disulfide results in the formation of a well defined monolayer 
films with the sulfur atoms binding to the gold surface. In this 
study, the monolayers were formed by exposing the as-prepared 
gold nanoisland film arrays generated from 5-nanoparticle layer 
to solutions containing alkanethiols (1-hexanethiol, 1-nonane-
thiol, 1-dodecanethiol, or 1-pentadecanethiol) for at least 24 
hours. The arrays were then characterized with the contact angle 
goniometer (Table 1) as a simple means of detecting surface 
functionalization. The results clearly showed that the assembly 
of alkanethiols on gold nanoisland films makes the surface less 
wetting. The water contact angle of monolayer-coated nanois-
land film arrays also showed, in general, a slight increase as 
the length of the alkanethiol increases. The increased contact 
angles (~ 62o) reveal more hydrophobic properties of the self- 
assembled monolayers on gold nanoisland films as the chain 
length of alkanethiols increases. This phenomenon can arise 
from at least two factors. First, interactions between water and 
the surface of gold might be greater at the shorter chain lengths. 
Second, the disorder in the films might be greater at the shorter 
chain lengths. The water contact angle values of SAM-coated 
nanoisland films are still much lower than those of flat gold 
films coated with alkanethiols, which have the values usually 
between 105o and 115o.44 This is not a surprising result because 
the interfacial surfaces that make contact with water are con-
sisted of not only SAM-modified gold island surfaces but also 
hydrophilic bare glass surfaces.

Since the localized SP absorption characteristics of the island 
films in UV-vis spectra is highly sensitive to the dielectric cons-
tant of the surrounding medium, alkanethiol absorption results 
in changes in the SP band of gold. However these results were 
not reproducible and sometimes involved red-shifts or a decrea-
se in the intensity of SP bands, indicating the changes in mor-
phology of gold nanoisland films after exposure to alkanethiols. 

Glass slides are known to exhibit poor adhesion to noble metals. 
This instability of gold nanoisland films has also been observed 
from the nanoisland films prepared by the vacuum evaporation 
protocol. However, Rubinstein has recently reported methods 
(silica-coating or high-temperature post annealing) that can 
improve the overall stability of gold nanoisland films on glass 
substrates.19,45 Our study examining Rubinstein’s high-tempera-
ture annealing also suggested the stability of nanoisland films 
dramatically improves after this simple treatment.

Interaction of Streptavidin with Biotin-Functionalized Gold 
Nanoisland Films. Strong interactions between biomolecules 
and functionalized nanoisland films will induce a change in the 
optical properties of the films, which can be monitored using 
UV-vis spectroscopy in transmission mode (T-LSPR). To brie-
fly examine the sensing capability of gold nanoisland films 
annealed at 550 oC, the biotin-modified nanoisland films were 
incubated in a solution of streptavidin (100 µg/mL or 1 µg/mL) 
in phosphate-buffered saline (PBS).46 For the real-time binding 
study, an extinction spectrum was acquired in PBS at t = 0 min, 
and then the PBS was replaced with the streptavidin solutions. 
Specific binding of streptavidin to biotin should result in the 
changes in T-LSPR band of nanoisland films. Our results show-
ed that the intensity of SP band of gold was increased after the 
exposure of biotin-functionalized gold nanoisland films to 
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streptavidin solution (100 µg/mL) in PBS for 2 min (Figure 6).47 
No further changes were observed from the longer exposure of 
island films to streptavidin solution. In comparison, non-specific 
binding studies using MUA-functionalized gold nanoisland 
films showed no such change on the intensity of SP band of 
gold. 

Conclusion

Gold nanoisland thin film arrays were prepared by thermal 
evaporation of organic matters from layer-by-layer assembled 
nanoparticle-polymer multilayer films. When the nanoparticle 
multilayer films were heat-treated, nucleation and coalescence 
of nanoparticles on the solid surface resulted in the formation 
of gold nanoisland arrays. This gold nanoisland film preparation 
method is simple and requires only basic laboratory supplies and 
equipment for the entire process. With ease in controlling the 
composition of nanoparticle multilayer films using the described 
self-assembly method, it was possible to develop nanoisland 
arrays with different average grain sizes. Specific binding of 
streptavidin to biotin-immobilized gold nanoisland films resul-
ted in the increase in the intensity of SP band of gold. We are cur-
rently working on in-depth characterization of stabilized nano-
island films prepared in many different self-assembly conditions 
(nanoparticles with different sizes, annealing temperature, dif-
ferent polymer linkers, and number of nanoparticle layers) using 
SEM, AFM, and T-LSPR. 
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