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We have constructed a dark-field light scattering microscope using a very low-cost digital camera to
investigate the adsorption of gold nanoparticles (AuNPs) on four different substrates at various pH values.
The substrates used are glass, polycarbonate (PC), poly(dimethylsiloxane) (PDMS), and poly(methyl
methacrylate) (PMMA). The coverage of AuNPs on hydrophobic substrates such as PDMS is greater than
that on hydrophilic substrates like glass. The adsorption and aggregation of AuNPs on a particular sub-
strate increased upon decreasing the pH (from 9.0 to 4.0). A greater coverage percentage of AuNPs, but
less aggregation, occurs on glass treated with poly(diallyldimethylammonium) (PDDA) than on bare
glass. The scattering intensity increases upon increasing the number of layers of adsorbed AuNPs on glass
that was treated sequentially with AuNPs and PDDA. When compared to UV-Vis absorption, dark-field
microscope provides greater sensitivity and qualitative surface information.

Keywords: Dark-field microscope; Nanoparticles; Monolayer; Multilayer;

Poly(diallyldimethylammonium).

INTRODUCTION

Nanostructured materials, such as gold nanospheres,
gold/silver nanorods, and gold nanowires, have gained a
great deal of attention because of their unique chemical and
physical properties.'” Differently sized and shaped gold
nanoparticles (AuNPs) may be functionalized readily with
a variety of molecules, including polymers, proteins, and
DNA. Indeed, biofunctionalized AuNPs are useful for
sensing DNA and proteins based on absorption, fluores-
cence, and Raman scattering, as well as for the separation
of biomolecules.*” The assays can be conducted in either
homogeneous or heterogenecous formats; when they are
conducted in heterogeneous formats, such as surface plas-
mon absorption, total internal fluorescence, and surface-
enhanced Raman scattering, the (functionalized) AuNPs
are usually immobilized on solid surfaces.” The quality of
adsorption plays an important role in determining the sensi-
tivity and reproducibility of the assays. To achieve uniform
and complete surface coverage of AuNPs, prior to immobi-
lization the solid surfaces are treated with molecules that

possess pendant functional groups, such as SH and NH,
units, that can form strong bonds with AuNPs. For glass
surfaces, organosilanes are commonly used because they
form a stable monolayer on the surface through strong
Si-O-Si covalent bonds.'’ Alternatively, dynamic adsorp-
tion of oppositely charged polymers, such as poly(diallyl-
dimethylammonium) (PDDA), polyethylenimine, and
poly(sodium 4-styrenesulfonate), is employed to treat the
surfaces of glass and polymeric substrates such as polycar-
bonate (PC), poly(dimethylsiloxane) (PDMS), and poly-
(methyl methacrylate) (PMMA)."""'* Recently, we demon-
strated the importance of treating the surface of PMMA
chips with AuNPs in the separation of DNA through micro-
chip capillary electrophoresis.'” In that study, we obtained
improved reproducibility and resolution for DNA separa-
tion using a microchannel that had been coated with multi-
layers of polymers and AuNPs.

Dynamic coating of polymers and AuNPs on sub-
strates is governed by various parameters, including the
concentration and pH of the polymer (or organosilane) so-
lution, the concentration, size, and nature of the AuNPs, the
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nature and concentration of the salt, and the adsorption
time and temperature. For the adsorption of AuNPs, these
parameters play an important role in determining the sur-
face coverage, interparticle distance, and surface morphol-
ogy.'®'" A variety of techniques are commonly used to
characterize the adsorption of AuNPs on solid surfaces,
such as UV-Vis absorption spectroscopy,'® X-ray photo-
electron spectroscopy,' ellipsometry,? transmission elec-
tron microscopy (TEM),! scanning electron microscopy
(SEM),'®** and atomic force microscopy (AFM).> Al-
though UV-Vis absorption spectroscopy is the simplest and
cheapest approach for observing increases in absorbance as
a function of immersion time and the growth of multilayer
films, it cannot provide detailed information on such fea-
tures as the degree of aggregation of AuNPs or the rough-
ness and uniformity of the surface. TEM and SEM are pow-
erful techniques for characterizing nanostructured materi-
als, but they both suffer from an inability to provide topo-
graphic information concerning the AuNP films. In con-
trast, AFM has proven to be a powerful tool for measuring
surface coverage and height differences in nanoparticle
films.** Although TEM, SEM, and AFM all provide excel-
lent resolution, they are expensive, not readily accessible,
and generally work better for dry surfaces. In addition, it is
sometimes necessary to use tedious sample preparation
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techniques and to consider special demands brought about
by the nature of the solid substrates. Thus, there is a high
demand for techniques that are simple, sensitive, and rapid,
that have low cost, and provide a high resolution when in-
vestigating the adsorption of nanostructured materials un-
der various environmental conditions (dry or wet, electri-
cally conductive or nonconductive, and soft or hard).

In this paper, we demonstrated the measurements of
the surface coverage of AuNPs on PC, PDMS, and PMMA
and detected their morphologies by using a dark-field mi-
croscope (DFM) that was built in this lab. By using the
DFM system, several advantages have been achieved, in-
cluding ease of sample preparation, low cost, rapidity, and
the capability of detecting low concentrations of large
biomolecules.*

RESULTS AND DISCUSSIONS

Characterization of AuNPs adsorbed on different
substrates

To test the features of the DFM system, we investi-
gated the dynamic adsorption of these AuNPs onto the sur-
faces of four different substrates: glass, PC, PDMS, and
PMMA. Fig. 2a indicates that the adsorption of AuNPs on
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Fig. 1. Schematic diagram of a dark-field microscopy system for use in surface characterization and the monitoring of parti-

cle growth rates on surfaces.
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the hydrophobic substrates, such as PDMS [contact angle
(0) = approx. 110°] and PC (6 = approx. 70°), was more ef-
fective than that on a relatively hydrophilic surface, such as
glass (0 = approx. 19°), at the same value of pH.?**’ We
note that a surface having a small contact angle is relatively
hydrophilic, while that having a large contact angle is rela-
tively hydrophobic. The AuNPs in the magnified DFM im-
age of the samples adsorbed on the glass at pH 9.0 appear to
have greater sizes than do the actual AuNPs. This phenom-
enon arises because the optically imaged size of the AuNPs

Glass PMMA
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is diffraction-limited to approx. A/2NA.*® For example, the
optically imaged size of the AuNPs is 535 nm/(2 x 0.55) =
489 nm when we used the maximum SPR wavelength for
this measurement (i.e., it is about nine times larger than the
physical diameter of the AuNPs). The AuNP adsorption on
the four substrates increases with decreasing the pH be-
cause the surface charges of the AuNPs, glass, and PC all
decrease upon decreasing the pH; i.e., they are more hydro-
phobic at low values of pH. These results suggest that the
AuNPs interact strongly with hydrophobic surfaces. At pH
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Fig. 2. (a) Scattering images of AuNPs adsorbed on glass, PMMA, PC, and PDMS at different values of pH. (b) Surface cov-
erage of AuNP films on the four different substrates as a function of pH. 4.9 pM AuNPs were prepared in 10 mM
glycine solution and were deposited for 60 min. Exposure time: 0.25 s; scattering detection area using a 40x objective:
140 x 105 pm, which corresponds to 2592 (horizontal) x 1944 (vertical) pixels.
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5.0, some spots display a yellow color and a strong scatter-
ing intensity, which indicate that a small number of AuNPs
have aggregated. Such aggregation of AuNPs is more ap-
parent on the hydrophobic surfaces than on the hydrophilic
ones. Fig. 2b indicates that the surface coverage of the
AuNPs increases upon decreasing the pH and increasing
the hydrophobicity of the substrates. The coverages for
glass and PDMS surfaces are 0.1 and 2.8% at pH 9.0 and
are 2.1 and 14.3% at pH 4.0, respectively. We note that the
surface coverages increased further with increasing the re-
action (adsorption) time; they reached equilibrium after
approx. 6 h. The maximum surface coverage percentages
for glass and PDMS were 7.2 and 25.1% at pH 4.0, respec-
tively. We found, however, that aggregation of AuNPs
(i.e., the formation of multilayers) also increased upon in-
creasing the reaction time.

a) 1 min
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Control of surface coverage and morphology

To decrease the degree of aggregation of the AuNPs
while achieving a greater coverage on the solid surface, we
treated the glass surfaces coated with PDDA. PDDA re-
mains a highly charged polyelectrolyte over a wide range
of values of pH and it provides a lower surface roughness
than does either polyethylenimine or APTES when it is
used to treat glass surfaces.”” The surface coverage of
AuNPs on PDDA-modified glass is also higher than those
on APTES- and dendrimer-treated glass. Figs. 3a-c display
the time evolution of the adsorption of AuNPs on a PDDA-
treated glass. Fig. 3d indicates that the surface coverage in-
creased upon increasing the reaction time and reached a
plateau of 34% after 4 h. We note that the surface coverage
is lower than the reported value of approx. 55%, probably
because of the stronger repulsion among the AuNPs.** For

b) 60 min
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Fig. 3. Scattering images of AuNP films on a PDDA-glass. Deposition times for 4.9 pM AuNPs prepared in 10 mM glycine
(pH 9.0): (a) 1 min, (b) 60 min, and (c) 240 min. (d) Surface coverage of AuNP films on APTES-glass (triangles) and
PDDA-glass (squares) surfaces as a function of deposition time. The other conditions are the same as those described

in Fig. 2.
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comparison, Fig. 3d also depicts the time evolution of the
surface coverage of AuNPs on an APTES-treated glass.
The AuNP adsorption rates on the two different surfaces
are both fast during the first two hours of reaction. We note
that a greater coverage of AuNPs and a lower degree of
AuNP aggregation occurred on the PDDA-treated glass
relative to the APTES-treated and bare glass. Although
AuNPs tend to adsorb onto surfaces that are occupied by
AuNPs, which, thus, induces aggregation of AuNPs, the
highly positively charged surface of the PDDA-treated
glass minimizes aggregation of AuNP clusters.”’

Next, we investigated AuNP adsorption on PDDA-
treated glass at different values of pH (4.0-9.0, 10 mM gly-
cine); Fig. 4 depicts the results. The representative DFM
images depicted in Figs. 4a-c demonstrate that the cover-
age percentage of the AuNPs at pH 7.0 is lower than those
at pH 5.0 and 9.0. Fig. 4d reveals that a greater AuNP sur-
face coverage was obtained at pH 9.0, mainly because of

a) pH 5.0

b) pH 7.0
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strong electrostatic interactions between the negatively
charged AuNPs (they were capped with citrate ions) and
the positively charged PDDA molecules. In contrast to the
situation in Fig. 2b (bare glass), the AuNP surface coverage
was higher at pH 5.0 than it was at values of pH ranging
from 5.0 to 8.0. We note that hydrophobic patches, hydro-
gen bonding, and Coulombic interactions all play some
roles in determining the extent of AuNP adsorption. Upon
decreasing the pH, the concentration of surface negative
charges of the AuNPs decreases, whereas the positive charges
of PDDA remain almost unchanged.” Thus, the first of
these two forces become more important at low values of
pH. In addition, we must also carefully consider that the in-
teractions that occur between the glass surface and the
PDDA molecules and the structure of the PDDA adsorbed
on the glass surface (an extended coil and a globular struc-
ture of PDDA at low and high pH, respectively) both change
at different values of pH.>' We note that the surface cover-

/
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Fig. 4. Scattering images of AuNP films assembled on PDDA-glass at different values of pH: (a) pH 5.0, (b) pH 7.0, and (c)
pH 9.0. (d) Surface coverage of AuNPs on PDDA-glass surfaces as a function of pH. Deposition time: 6 h. The other

conditions are the same as those described in Fig. 2.
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age of AuNPs is lower at pH 4.0. It is also important to
highlight the fact that the AuNP film became thicker and
less organized, with a greater extent of aggregation distrib-
uted all over the surface, at low pH.

We analyzed the data obtained for AuNP aggregation
on the PDDA-treated glass at different values of pH and re-
action time according to the following equation:**

1/4 = 1/ Apax + Kt/ (Amax % £) (1)

where A4, 1s the maximum surface coverage, 4 is the sur-
face coverage at different deposition times (f), and Ky, is the
rate of the formation of a multiplayer (i.e., AuNP aggrega-
tion). Table 1 indicates that the plots of 1/4 vs 1/¢ at differ-
ent values of pH are linear (R” > 0.968), other than that ob-
tained at pH 7.0. The values of Ky increased with decreas-
ing the pH, which indicates either that AuNP aggregation
occurs to a greater extent or that formation of the AuNP
multilayer occurs at low pH. At pH 9.0, the value of Ky, of
0.32 demonstrates that the rate of formation of the first
monolayer is three times more facile kinetically than is that
of the multilayer. In contrast, the value of Ky 0of 2.96 at pH
4.0 suggests that the formation of AuNP aggregates is three
times faster than the adsorption of AuNPs on the PDDA-
treated glass surface.

We further tested the features of the lab-made DFM
system through an investigation of the formation of multi-
ple layers of AuNPs and PDDA on glass surfaces. A molec-
ular layer-by-layer self-assembly technique can not only
enhance the stability and penetrability of particulate mate-
rials absorbed on the solid surface but also allow fabrica-
tion of multi-layers of different nanocomposites in a very
controlled way by using templates.>*** Figs. 5a-c exhibit
DFM images for the (AuNP/PDDA), glass, wheren=1, 4,
and 8, respectively. The scattering intensity increased lin-
early (Fig. 5d) with increasing the number of deposited
AuNP/PDDA bilayers. For comparison, Fig. 5d also de-
picts the UV-Vis absorbance at 548 nm plotted against the
number of the bilayers of AuNPs/PDDA. These results
support our DFM data. Although the aggregated form and
the number of AuNPs affect the scattering intensity on the
surface, their effect is trivial in this study since the scatter-
ing intensity of the detection area about 140 x 105 um was
collected and integrated by ImagelJ programs. The linear re-
lationship between the light scattering signal and the multi-
layer numbers clearly suggests that the DFM system holds
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Table 1. Values of Ky, linear regression coefticient (Rz)‘"‘, and
maximum surface coverage (4 .) on PDDA-glass and
APTES-glass at different values of pH

pH KM R2 Amax (%)
4 2.96 0.9681 16.1

5 1.24 0.9860 29.6

6 0.51 0.9984 21.03
7 0.78 0.8618 9.87
8 0.71 0.9979 22.9

9 0.32 0.9949 23.5

9b 1.36 0.9969 31.3

? Linear plots according to Eq. 1.
®25% APTES.

great potential for monitoring the assembly performance
on the solid substrates when using metal nanoparticles,
quantum dots, and silica nanoparticles.

Advantages and Disadvantages of DMF

We compared our DFM technique to the use of AFM,
which is a very versatile imaging technique that has no lim-
itations with respect to the characterization of the composi-
tion or size of the sample surface. The image (not shown)
taken by AFM indicates that AuNP aggregation leads to the
formation of gold clusters on the PDDA-treated glass (at
pH 9.0) after a deposition time of 6 h.>* The DFM, however,
provides a poorer resolution than does the AFM. The AFM
image clearly displays aggregation of a number of AuNPs
in each cluster. The poor resolution of the DFM image is
due to the diffraction limit; interactions between the pho-
tons scattering from different AuNPs in each cluster cause
a loss of resolution. The ability to observe gold clusters
over a wider area when using the DFM technique indicates
that we might gain more information for surface-enhanced
Raman scattering when both techniques are applied.*® Ta-
ble 2 provides a comparison of DFM in relation to other
common techniques: AFM, SEM, and TEM. Compared
with AFM, which usually takes about 8.5 min to scan an
area of 1-10 um” at a rate of 1 Hz, DFM takes less than 10 s
to provide an image with the view area of 140 x 105 um®.
Although DFM is faster than AFM, it cannot distinguish
between particles having sizes smaller than approx. 50 nm
based on the color of the scattering light. The resolution of
DFM images can be improved further by using a high-
resolution digital camera (1.25 x 107 pixels) and a high-
magnification objective (100x). We must emphasize that
relative to the other three techniques, DFM provides the ad-
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a) 1 layer
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Fig. 5. Scattering images of (AuNP/PDDA), films on glass: (a) one layer, (b) four layers, and (c) eight layers. (d) Scattering
intensity (left) and absorbance (right) as a function of the number of layers. Exposure time: 0.067 s. The other condi-

tions are the same as those described in Fig. 2.

vantages of ease of sample preparation, low cost, fast anal-
yses, and the ability to sense macromolecules in aqueous
solution when using biofunctional NPs, such as AuNPs or
silica NPs.”’

EXPERIMENTAL SECTION

Chemicals

Sodium tetrachloroaurate(IIl) dehydrate was obtained
from Sigma (St. Louis, MO). Trisodium citrate (pK,; =
3.128, pK., = 4.761, and pK,3 = 6.396) was obtained from
Riedel-de Haen (Seelze, Germany). Glycine (pK,; = 2.35
and pK,, = 9.778) was purchased from ICN Biomedicals
Inc. (Aurora, OH). PDDA (Mw 100,000-200,000), 3-ami-
nopropyltriethoxysilane (APTES), NaOH, HCI, and so-
dium chloride were purchased from Aldrich (Milwaukee,

WI). Glycine buffers were prepared at various pH values
using 1.0 M solution of HCI, NaOH, and sodium chloride.
In each case, the final concentration of glycine was 10 mM.

Preparation of AuNPs and PDMS

The 56-nm AuNPs with the concentration of ~ 49 pM
(2.96 x 10" particles/L) were prepared as described previ-
ously.”® TEM measurements (not shown) confirmed that
the size of the AuNPs was 56 (+ 8%) nm. The AuNP solu-
tion was diluted tenfold in 10 mM glycine solutions (pH
4.0-9.0). PDMS was prepared according to product infor-
mation from a Sylgard 184 silicone elastomer kit (Dow
Corning, Midland, MI) and cured at 80 °C for 1 hour.

Deposition of AuNPs on Different Substrates
PC, PMMA, and PDMS surfaces were cleaned with
compressed air and rinsed with water, while the glass sur-
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Table 2. Comparing DFM with other microscopy techniques for the characterization of

nanoparticle films

AFM DFM SEM TEM
Detection area (pm?) 0.5-100 45-140 - -
Resolution (nm) 1-195 21-54 1 0.1
Analysis time (s) 5107 <10 <600 <360
Typical cost (USD) 1-2x%x10° 10* 2-4x%10° 5x10°
Sample preparation Easy Very easy Easy Difficult
In fluid Yes Yes No No
Surface morphology Yes Yes No No
Biosensing (applicability) Good Excellent Poor Poor

* At a scan rate of 1 Hz.

faces were cleaned with freshly prepared “piranha” solu-
tion [98% H,S04/30% H,0, (3:1); DANGEROUS in con-
tact with organic materials] for 30 min, rinsed extensively
with water, and then finally dried under a stream of nitro-
gen. Prior to the immobilization of AuNPs for 1 h, the sub-
strates were equilibrated with glycine solutions (pH 4.0-
9.0) at room temperature for 10 min. PC, PMMA, and
PDMS plates were then dipped in the AuNP solutions (4.9
pM; pH 4.0-9.0) for 1-360 min.

Monolayers

The glass surface was modified using positively
charged PDDA (0.2%, 0.5 M NaCl) or APTES (25%, abso-
lute ethanol), respectively. The glass plates were separately
dipped in 0.2% PDDA or 25% APTES overnight and then
rinsed with water for 1 min. The AuNPs were deposited on
the PDDA or APTES glass by dipping in the AuNP solu-
tions (4.9 pM; pH 9.0) for 1-360 min and the glass was
rinsed with water for 1 min. The adsorption of AuNPs on
the glass modified with PDDA was performed at the differ-
ent values of pH (4.0-9.0, 10 mM glycine).

Multilayers

Layer-by-layer assemblies of (AuNP/PDDA), films
were fabricated by dipping a glass alternately into 4.9 pM
AuNP (10 mM glycine, pH 9.0) and aqueous PDDA solu-
tions (0.2%, 0.5 M NaCl), each for 2 h, with intermediate
washing (water) and drying (nitrogen stream).'® We re-
peated this process to obtain the desired number of AuNP/
PDDA bilayers.

Instrumentation
A Dimension 3100 (Digital Instruments, Inc. Santa
Barbara, CA) operating in the tapping mode with a scan

rate of 1 Hz was used to conduct AFM measurements in air.
A double-beam UV-visible spectrophotometer (Cintra 10e,
GBC Scientific Equipment Pty Ltd., Dandenong, Victoria,
Australia) was utilized to measure the absorbance of AuNP
solutions and layer-by-layer assemblies of (AuNP/PDDA),
films. The TEM images of as-prepared AuNPs were col-
lected using an H7100 TEM (Hitachi High-Technologies
Corp., Tokyo, Japan) operating at 75 keV.

In our lab-made DFM system (Fig. 1), which contains
an Olympus IX70 inverted microscope (Tokyo, Japan) and
is equipped with a low-cost digital camera (Coolpix 5400,
Nikon, Tokyo, Japan), white light from a 100-W halogen
lamp and a focusing lens within a condenser are angled
with respect to the objective (40x; numeric apertures =
0.55) so that the illuminating light does not directly enter
the objective; this arrangement results in a low back-
ground.* We used the ImageJ program (http://rsb.info.nih.
gov/ij/) to analyze the images. First, we determined the
threshold value of the system based on the difference of the
scattering intensity of AuNPs from that of the surface.
Then, the surface coverage area of AuNPs on the substrates
was calculated by using the Image/Adjust/Threshold func-
tion in the Image] program. Also, in the case of layer-by-
layer self-assembly technique, the area of scattering im-
ages about (140 x 105 um) was converted to a gray level
image (255 levels) by a program developed using ImageJ.
Then, the scattering intensity of the detection area was inte-
grated with the aid of ImageJ programs.

CONCLUSIONS

We have applied DFM using a very low-cost digital
camera to investigate the formation of AuNP films on dif-
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ferent surfaces. Unlike UV-vis absorption measurements,
DFM measurements provide both quantitative and qualita-
tive information of nanomaterials on solid substrates. Al-
though DFM can be used to monitor the real-time growth of
nanoparticles on various surfaces (hard or soft, dry or wet,
and electrically conductive or nonconductive, its resolution
is poor. Our results reveal that the dynamic adsorption of
AuNPs on hydrophilic surfaces is more uniform than it is
on hydrophobic ones. With decreasing pH values, AuNP
aggregation or formation of AuNP multilayer occurs on
solid substrates to a greater extent.
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