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P
olyvalent oligonucleotide gold
nanoparticle conjugates (oligo-
AuNPs) are being extensively used

in the development of therapeutic, diagnos-

tic, and spectroscopic applications.1�5 The

reasons these structures have found such
widespread use are that they can be easily
synthesized and chemically modified, ex-
hibit intense surface plasmon resonances
(� � 3 � 108 L/(mol · cm)),2 have catalytic
properties distinct from their bulk counter-
parts, and are generally stable in the con-
text of diagnostic probe and therapeutic
applications.6�8 The surface coverage of oli-
gonucleotides on spherical or highly fac-
eted gold nanoparticles, which is often-
times much greater than other particle
compositions (e.g., silica, polystyrene),9

leads to unusually high electrostatic and
steric stabilization of the particles and their
ability to engage in highly cooperative hy-
bridization interactions with complemen-
tary nucleic acids.9,10 The high loading of
oligonucleotides on gold nanoparticles de-
rives from (1) the substitutionally labile co-
ordination sphere of citrate ions adsorbed
onto the surfaces of the particle precursors
used to prepare the oligo-AuNPs, (2) the

thiol-gold chemistry used to surface immo-
bilize the oligonucleotides, (3) the salt-
induced aging procedures used to decrease
electrostatic interactions between neigh-
boring oligonucleotides, and (4) the radius
of curvature of the particles. The first three
factors are constant regardless of particle
size, whereas radius of curvature is highly
dependent upon the dimensions of the
particle.

These observations make one question,
when do the surface modification proper-
ties and capacity for adsorbate loading of a
particle begin to resemble those of a planar
surface? This question has been considered
for uncharged hydrophobic alkanethiols on
Au clusters by Landman et al., but not for
chemically more sophisticated structures
like oligonucleotides on larger gold nano-
particles (�2 nm).11,12 Charged multifunc-
tional adsorbates like oligonucleotides
likely will follow a similar trend but have a
greater number of variables, which signifi-
cantly affect their packing behavior. Herein,
we present a study of oligo-AuNPs made
from Au cores ranging in diameter from 10
to 200 nm and aimed at determining how
the radius of curvature of a particle influ-
ences oligonucleotide surface coverage. We
compare these results to values obtained
from planar gold surfaces and identify the
nanoparticle size that begins to mimic the
properties of a planar substrate. We then
evaluate how these numbers and geomet-
ric models can be used to predict the oligo-
nucleotide surface coverage for anisotropic
rod-shaped particles.

RESULTS
Surface Oligonucleotide Loading as a Function

of Salt Concentration. Previous work by our
group and others has shown that the sur-
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ABSTRACT We show that by correlating the radius of curvature of spherical gold nanoparticles of varying

sizes with their respective thiol-terminated oligonucleotide loading densities, a mathematical relationship can

be derived for predicting the loading of oligonucleotides on anisotropic gold nanomaterials. This mathematical

relationship was tested with gold nanorods (radius 17.5 nm, length 475 nm) where the measured number of

oligonucleotides per rod (3330 � 110) was within experimental error of the predicted loading of 3244

oligonucleotides from the derivation. Additionally, we show that once gold nanoparticles reach a diameter of

approximately 60 nm the local surface experienced by the oligonucleotide is highly similar to that of a planar

surface.

KEYWORDS: gold nanoparticle · curvature · DNA-functionalized · gold
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face loading of oligonucleotides increases with increas-

ing salt concentration.8,10 To evaluate the optimum

salt concentration for loading oligonucleotides on Au

nanoparticle surfaces, we measured surface loading for

20 nm diameter particles as a function of successively

increasing salt concentration (Figure 1). One observes a

steady rise in loading up to about 1 M NaCl concentra-

tion, after which loading levels off. Therefore, we chose

this salt concentration as a constant for all subsequent

measurements.

Surface Density of Oligonucleotides as a Function of
Nanoparticle Radius. The surface density of oligonucle-

otides for each particle size was calculated by dividing

the number of oligonucleotides per particle by the cal-

culated surface area (nm2) (Table 1, column 2). Several

assumptions regarding surface area were made. First,

the nanoparticles were modeled as perfect spheres.

Second, the numbers of particles larger and smaller

than the average particle size were assumed to be

equal. Third, the oligonucleotides were assumed to be

evenly distributed on the nanoparticle surface. As pre-

dicted, the surface curvature significantly affects the

loading of oligonucleotides with smaller particle sizes

exhibiting higher coverages than larger diameter struc-

tures. From these data, one can see that, when the par-

ticles reach a diameter of approximately 60 nm (and

certainly above 100 nm), the surface coverage remains

nearly constant for all particle sizes above this value and

is comparable to values determined for a planar gold

substrate (Figure 2).

The effective DNA footprint (K) is one way to think

about the spatial arrangement of oligonucleotides on

the nanoparticle surface. Footprint is defined as the av-

erage area each oligonucleotide occupies on the nano-

particle surface (Table 1, column 3; eq 1).

footprint : K(nm2

n )) [4πr2

Nr
] (1)

K represents the average area each oligonucleotide oc-

cupies on the nanoparticle surface in nm2 (footprint),

and N represents the average number of oligonucle-

Figure 1. Oligonucleotide loading as a function of salt concen-
tration for 20 nm AuNPs. The error bars indicate the standard de-
viation of five independent measurements.

Scheme 1. Drawing illustrating how the radius of curvaure of the
AuNP affects the interaction between neighboring oligonucle-
otide strands. This interaction is represented by the deflection
angle between the oligonucleotides.

TABLE 1. Average Values Including Standard Deviations for Particle Sizes, Absolute Number of Oligonucleotides Per
Particle, Surface Coverage, Effective Footprint, and Calculated Deflection Angle

diameter (nm) oligos/particle coverage (oligos/cm2) footprint (nm2) deflection (deg)

10 68 � 10 2.0 � 1013 � 2 � 1012 4.9 � 1 29 � 3
15 110 � 10 1.7 � 1013 � 2 � 1012 6.0 � 1 21 � 2
20 180 � 20 1.4 � 1013 � 1 � 1012 7.0 � 1 17 � 2
30 260 � 10 9.3 � 1012 � 8 � 1011 11 � 1 14 � 1
40 430 � 10 8.5 � 1012 � 4 � 1011 12 � 2 11 � 2
50 640 � 80 8.1 � 1012 � 3 � 1011 12 � 1 9.0 � 1
60 890 � 20 7.8 � 1012 � 1 � 1012 13 � 2 7.7 � 1
80 1400 � 100 7.1 � 1012 � 9 � 1011 14 � 2 6.1 � 1
100 2200 � 200 7.1 � 1012 � 4 � 1011 14 � 1 4.9 � 1
150 5100 � 100 7.1 � 1012 � 2 � 1011 14 � 2 3.2 � 1
200 8500 � 200 6.8 � 1012 � 1 � 1012 15 � 2 2.5 � 1
planar gold N/A 5.8 � 1012 � 7 � 1011 18 � 2 0
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otides per particle for a given radius, r (Scheme 2A).
Calculating the Average Deflection Angle between

Oligonucleotides. The average deflection angle between
oligonucleotides attached to the AuNP is directly re-
lated to the radius of curvature of the nanoparticle and
illustrates the spatial arrangement of the strands as
well as how this arrangement is dependent upon the
AuNP radius (Scheme 1). To calculate the deflection
angle between two oligonucleotides on the nanoparti-
cle surface, the above assumptions were used, along
with two additional ones. For these calculations, we as-
sume that the oligonucleotides adopt a rod-like orien-
tation. To test the validity of this assumption, dynamic
light scattering measurements were used to determine
the approximate length of the oligonucleotides at-
tached to the AuNPs (Figure 3). On average, the oligo-
nucleotides were estimated to be 9 nm in length, simi-
lar to the expected value if modeled as rod-like,
extended structures (rod-like ssDNA, approximately 10
bases/3 nm, is expected to be shorter than fully out-
stretched 13.4 nm long single-stranded DNA due to
coiling).13,14 Additionally, we modeled the oligonucle-
otide footprint as a circular area (Scheme 2B) which was
used to calculate the deflection angle between oligonu-
cleotides using eqs 2 and 3:

R )�2
K
π

(2)

Deflection (deg) ) [2R
r ] × 180

π
(3)

where R represents the radius of the footprint approxi-
mation on the nanoparticle surface, K is the footprint of
the oligonucleotide on the AuNP surface, and r is the
average radius of the nanoparticle. Deflection angles
were determined for all particle sizes studied and pla-
nar gold (Table 1, column 5, and Figure 5).

Deriving an Equation for Predicting the Loading of
Oligonucleotides on Gold Nanorods. Quantitatively predicting
surface coverage for a rod is more difficult than a
sphere. A rod is a cylindrical body with two flat ends.15

One must take this geometry into account with
weighted contributions from the curved and planar
portions of the structure. The surface area of a rod can
be calculated using eq 4:

SA(rod) ) 2πr2 + 2πrl (4)

where r is the radius of the rod and l is the length of
the rod. To approximate the number of oligonucle-
otides on the rod, the two end segments (represented
by 2�r2) were assumed to be flat planar surfaces where
oligonucleotides have an average footprint of 17.5
nm2. While they are not perfectly flat (rms roughness
� 15 nm), AFM studies show that these are best mod-
eled as flat rather than curved surfaces.15 Second, we
did not include contributions from adsorption of oligo-
nucleotides on the edges of the cylinder ends. Third, we
approximated the footprints of the oligonucleotides
on the outer wall of the cylinder (not the ends) as an el-
lipse. To do this, we used the radius of the nanorod to
assign a spacing parameter for oligonucleotides at-
tached to the curved surface of the rod in bands
(Scheme 3). The data presented in Table 1 were used
to relate the radius of a nanoparticle to the average
footprint diameter for an oligonucleotide around the
circumference of the rod. This derivation yielded the re-
lationship shown in eq 5.

Length of Ellipse (nm) ) 2 *�2
3.3618 ln r + 0.1616

π
(5)

To estimate the spacing down the long axis of the
rod, we assumed that the oligonucleotides experi-
enced a situation similar to a flat surface, where the

Figure 2. Oligonucleotide density determined as a function
of AuNP diameter. The gray line represents oligonucleotide
loading on a planar gold surface.

Figure 3. Diameter determined by dynamic light scattering
measurements. The values presented above are the average
of three separate measurements.

Figure 4. Oligonucleotide deflection angle as a function of
AuNP diameter.
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spacing was 4.72 nm per oligonucleotide. The total sur-
face area of the entire rod was then divided into oligo-
nucleotide footprint domains to approximate the num-
ber of oligonucleotides that can pack on a nanorod of
a given length and radius (eq 6):

Oligonucleotides
rod

) 2πr2

17.55
+

2πr

2 *�2
3.3618 ln r + 0.1616

π

*
l

4.72
(6)

where r is the radius of the rod and l represents the
length of the rod (Scheme 3).

While oligo-AuNPs with average gold core diam-
eters varying from 2 to 250 nm have been prepared
and studied previously,10,16 the majority of studies have
focused on the 13�15 nm range, typically functional-
ized with oligonucleotides containing 25�35
bases.17�25 Therefore, for this study, we chose 15 nm
diameter particles, modified with a 25 base sequence as
a representative example (5=-HS-AAA AAA AAA AAA
TAT TGA TAA GGA T-FITC-3=). If one considers that a 15
nm gold particle has a radius of 7.5 nm and compares
that to the persistence length of a 25 bp oligonucle-
otide at approximately 8.5 nm (where 10 base pairs are
approximately equivalent to 3 nm),13 an interesting ob-
servation is made: the dimensions of the two are essen-
tially the same. This prompted us to consider the spatial
relationship of the gold nanoparticle and the oligonu-
cleotides attached to its surface from a geometric per-
spective. If one approximates a 15 nm AuNP as a sphere
and envisions oligonucleotides attached to the particle
surface at one end through a chemical linker (Au�S),
one can make a few key observations (Scheme 1). First,
the distance between the oligonucleotide strands is
closest at the particle surface and grows larger as the
chain extends from the surface (Scheme 1). Second, as
particle radius increases, one must move further from
the particle surface to maintain comparable inter-
oligonucleotide distances. Third, as particle size in-
creases, eventually the oligonucleotides attached to it
begin to more closely resemble the spacing of oligonu-
cleotides attached to a flat surface. Thus far, the magni-
tude of these effects has never been studied, and the
particle size that begins to mimic the properties of a flat
surface has not been identified.

DISCUSSION
A goal of this work is to determine how changes in

the surface curvature of gold nanoparticles affect the
organization of thiol-terminated oligonucleotides at-
tached at their surfaces. Initially, we hypothesized that
thiol-terminated oligonucleotides attached to relatively
small AuNPs (less than 20 nm diameter) would have sig-
nificantly more distance between the neighboring
strands moving radially out from the surface than their

larger particle counterparts, resulting from the smaller

particles highly curved surfaces. This should decrease

steric interactions between oligonucleotides attached

to small AuNPs, thus allowing for more oligonucleotides

to attach to the highly curved surface than to the larger

flatter surfaces, when equal areas are compared (Fig-

ure 2). Indeed, our data confirm that the loading of oli-

gonucleotides on AuNPs, smaller than 20 nm show a

dramatic increase in oligonucleotide surface coverage

when compared to their larger counterparts. However,

when the diameter exceeds 60 nm, the oligonucleotide

surface coverage approaches the values obtained for a

flat gold surface (Figure 2 and Table 1).

Another way to look at this relationship is to di-

rectly compare the estimated deflection angles be-

Scheme 2. Model of the oligonucleotide-modified AuNP
surface. (A) Model used to calculate the oligonucleotide
footprint. (B) Illustration of how the footprint from (A) is
used to approximate the deflection angle.

Scheme 3. Model of oligonucleotide packing on a gold nano-
rod surface.
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tween the strands as calculated above (Scheme 1).

This comparison shows that the deflection between

the strands is greatest on the smallest particles and ex-

ponentially decays to almost no deflection for the larg-

est particles (Figure 4). Oligonucleotides on planar gold

surfaces exhibit more regular packing and a salt

concentration-dependent tilt angle, but do not exhibit

a relative deflection angle.26

One of the goals this work was to derive a math-

ematical relationship that can be used to predict the

loading of similar oligonucleotides on anisotropic gold

nanostructures. Therefore, we needed to determine the

effective footprint of an oligonucleotide (surface area

occupied) as a function of particle curvature. Our results

show that as nanoparticle diameter decreases and cur-

vature increases effective footprint decreases (Figure 5).

This relationship is the foundation of our rod loading

derivation (Scheme 3). The loading experiments show

that one can quantitatively predict saturated oligonu-

cleotide surface coverages for gold nanorods (Figure 6).

Indeed, the experimentally determined value of 3330

� 114 corresponds remarkably well with the predicted

value of 3244 oligonucleotides per rod.

This work provides a way of understanding and pre-

dicting oligonucleotide surface coverage on nanoparti-

cles as a function of curvature, shape, and available sur-

face area. Indeed, the data provided are the first

quantitative measures of the relationship between par-

ticle curvature and oligonucleotide loading. The results

show that as particle diameter increases to 60 nm it be-

gins to mimic the properties of a planar surface, and

above 100 nm, it behaves virtually identically to a pla-

nar surface in terms of oligonucleotide loading. Addi-

tionally, we show that the loading of oligonucleotides

on gold nanorods can also be accurately predicted us-

ing this curvature relationship. Importantly, the geo-

metric models worked out in this paper, in principle,

could be adapted for many particle shapes simply by

using the different geometric equations for surface

area.

EXPERIMENTAL METHODS
Materials. Gold nanoparticles (10, 15, 20, 30, 40, 50, 60, 80,

100, 150, and 200 nm diameter) were purchased from Ted Pella,
Inc. (Redding CA) and used as received. All oligonucleotides
were synthesized on an ABI Expedite nucleic acid synthesizer us-
ing standard phosphoramidite chemistry27 with reagents from
Glen Research Corporation (Sterling, VA). All oligonucleotides
were purified by reverse phase high-pressure liquid chromatog-
raphy on an Agilent 1100 HPLC (Santa Clara, CA). Sodium chlo-
ride (NaCl), sodium phosphate (Na2HPO4 and NaH2PO4, PB), so-
dium dodecyl sulfate (SDS) and dithiothreitol (DTT) were
molecular biology grade, purchased from Sigma Aldrich (Milwau-
kee, WI) and used as received. NAP-5 columns were obtained
from GE Healthcare (Piscataway, NJ) and used for all desalting
procedures. All experiments were done using Nanopure water
(Barnstead Int., Dubuque, IA). Anodic aluminum oxide templates
were obtained from Synkera Technologies Inc. Metal plating so-
lutions were obtained from Technic, Inc. and used as received.

Gold Nanorod Synthesis and Characterization. Nanorods were fabri-
cated using an electrochemical, template-directed method.28,29

Briefly, a 125 nm Ag backing was thermally evaporated onto one
side of an anodic aluminum oxide (AAO) membrane (35 nm
pore diameter, 13 mm membrane diameter, Synkera Technolo-

gies Inc.), which served as a working electrode during the elec-
trodeposition growth process. The template was placed in an
electrochemical cell with a platinum counter electrode and a Ag/
AgCl reference electrode. A 1025 silver RTU solution (Technic,
Inc.) was diluted by a factor of 3 with water and used to plate a
silver section into the AAO template (�800 mV vs Ag/AgCl). This
silver section served as a “buffer layer” to create more uniform
electrical contacts, which results in more uniform gold rods (�3
C, 1�3 �m in length depending on contact between evaporated
silver backing and AAO membrane). After deposition of this
buffer segment, the Ag plating solution was removed and the
electrochemical cell was rinsed with water for 3 min. Next, a so-
lution of Orotemp 24 gold RTU plating solution (Technic, Inc., di-
luted by a factor of 3 with water) was used to grow the gold na-
norods at �900 mV vs Ag/AgCl (485 mC of charge was passed
to generate approximately 500 nm long gold rods). After the
electrodeposition was completed, the membrane was placed in
concentrated HNO3 (40 min) to dissolve the silver backing and
buffer layer. The mixture was then rinsed and sonicated in NaOH
(3 M) to dissolve the AAO template (30 min). The resulting nan-
orods were rinsed first with water (3�), then ethanol (3�), and fi-
nally with water (3�). The resulting rods were then character-
ized by scanning electron microscopy (LEO 1525 FE-SEM, 3 kV)

Figure 5. Oligonucleotide footprint as a function of AuNP
diameter.

Figure 6. SEM of representative gold nanorods; average di-
ameter � 35 � 5 nm and average length � 475 � 33 nm.
The image displayed above shows a 1.5 � 1.5 �m area.

A
RT

IC
LE

VOL. 3 ▪ NO. 2 ▪ HILL ET AL. www.acsnano.org422



in order to determine their dimensions (diameter (d) 	 35 �
5.3 nm; length (l) 	 475 � 33 nm).

Oligonucleotide Functionalized Gold Nanoparticle Preparation. Oligo-
nucleotide functionalized gold nanoparticles were prepared fol-
lowing literature procedures.10 All procedures were conducted
in the dark to prevent photobleaching of the fluorescein dye
(FITC). Briefly, lyophilized oligonucleotides (5=-HS-AAA AAA AAA
AAA TAT TGA TAA GGA T-FITC-3=) were resuspended in a solu-
tion of 0.1 M dithiothreitol in 0.17 M phosphate buffer (PB) at pH
8 in order to deprotect the terminal thiol. After 1 h in the reduc-
ing environment, the oligonucleotides were desalted over a
NAP-5 column (GE Healthcare). Freshly deprotected oligonucle-
otides (4 nmol) in Nanopure water (250 �L) were added to 1 mL
of gold colloid in a glass EPA vial. The solution was shaken at
120 rpm for 16�20 h prior to salt stabilization. The oligo-AuNP
solution was buffered to a pH of 7.2 with a final concentration of
10 mM PB and 0.01% SDS. The mixture was then allowed to
equilibrate for 30 min before bringing the NaCl concentration
to 1.0 M over an 8 h period in a stepwise manner. The solutions
were sonicated to keep the particles dispersed during the salting
procedure. Following salting, the particles were shaken at 120
rpm for an additional 16�20 h to yield fully functionalized oligo-
AuNPs. To verify that the oligo-AuNPs were fully functionalized,
we measured the loadings10 on particles stabilized at 0.1, 0.2, 0.3,
0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.5, and 2.0 M NaCl. Indeed, above
0.9 M NaCl, there is no significant increase in oligonucleotide
loading (Figure 1). Finally, to remove all unbound oligonucle-
otides from the oligo-AuNPs, the conjugates were washed by se-
quential centrifugation, supernatant removal, and resuspension
(0.01% SDS in water). This procedure was repeated four times.
Additionally, planar thin film gold surfaces30 were functionalized
with oligonucleotides in a manner almost identical to that used
for the AuNPs by immersing them in a 1 mL solution of water
with 4 nmol of oligonucleotide. The substrates were salted in the
same manner as the particles and cleaned by successive dip-
ping into 50 mL of 0.01% SDS in water.

Oligonucleotide Functionalized Gold Nanorod Preparation. Lyophi-
lized oligonucleotides were resuspended in a solution 0.1 M
dithiothreitol in 0.17 M PB at pH 8 in order to reduce the termi-
nal thiols of the modified ssDNA. After 1 h in the reducing envi-
ronment, the oligonucleotides were desalted over a NAP-5 col-
umn (GE Healthcare). Approximately 2 ODs (�6 nmol) of purified
oligonucleotides were combined with the rod solution (�10
fM). After 30 min, the solution was buffered to 0.01% SDS, 10
mM PB, and 1.0 M NaCl over 3 h. The final solution was shaken
for 48 h at 1000 rpm, at 23 °C on a thermomixer (Eppendorf, Inc.)
prior to use.

Measuring Oligonucleotide Loading on Gold Nanoparticles. Freshly
cleaned oligo-AuNPs were resuspended in a solution of 10 mM
PB, 0.01% SDS, and 0.3 M NaCl, and 100 �L of each sample was
placed in a 96-well fluorescence compatible microtiter plate. The
extinction of each sample was measured on a Thermo UV�vis
plate spectrophotometer at 530 nm. To determine the concen-
tration of each AuNP sample, an extinction coefficient at 530 nm
was determined for each particle size (10 nm [1.06 � 108], 15
nm [4.30 � 108], 20 nm [8.60 � 108], 30 nm [3.01 � 109], 40 nm
[6.69 � 109], 50 nm [1.34 � 1010], 60 nm [2.32 � 1010], 80 nm
[5.47 � 1010], 100 nm [1.08 � 1011], 150 nm [3.54 � 1011], and
200 nm [8.60 � 1011]). This was done by measuring the absor-
bance at 530 nm of a 100 �L sample of unfunctionalized gold
nanoparticles on the same UV�vis plate reader and relating it to
known particle concentrations. Additionally, known concentra-
tions of fluorophore-labeled DNA (100 �L) were placed in the mi-
crotiter plate, and 100 �L of 1.0 M DTT in water was added to
each well of the microtiter plate. After liberation of the thiolated
oligonucleotides from the surface of the AuNPs (overnight), the
total fluorescence of each well was measured on a fluorescence
plate reader (FluorDia T70, Otsuka Electronics) and converted to
a concentration by comparison to a standard curve. By measur-
ing the concentration of oligonucleotides and AuNPs in each
sample (five times), an average number of oligonucleotides per
particle was calculated (Table 1). The loading of oligonucleotides
on gold nanoparticles was also determined in the same manner
as that used for the gold nanorods (see below) to ensure that the

error introduced by the measurement techniques was
minimized.

Measuring Oligonucleotide Loading on Gold Nanorods. A sample of
oligo-functionalized nanorods was prepared as described above.
An aliquot of these rods was then washed three times in 0.01%
SDS, resuspended in 35 �L of 0.1 M aqueous solution of KCN, and
allowed to react for 1 h in order to completely dissolve the gold
rod. The resulting sample was analyzed by inductively coupled
plasma mass spectrometry (ICP-MS) to determine the amount of
gold. Rod concentration was determined by calculating the av-
erage number of gold atoms per nanorod (d 	 35 nm, l 	 475
nm, 2.43 � 107 atoms) and dividing the total amount of gold
present in the dissolved sample by the number of gold atoms
per nanorod. The number of oligonucleotides from this aliquot
was quantified using the Oligreen assay (Invitrogen, Inc.) in a
manner similar to that described above for the AuNPs. By cou-
pling the rod concentration obtained from ICP-MS with results
from the Oligreen assay, the average number of ssDNA oligonu-
cleotides on a single nanorod could be determined (3300 �
110 strands per rod).

Statistical Analysis. The loading of oligonucleotides on all nano-
particle sizes was conducted five times independently. Each in-
dependent trial was done by dividing the sample into three ali-
quots which were measured successively to limit instrumental
and operator error, which averaged 7% over all of trials. The
mean of the three aliquot values per trial was used to calculate
the run to run mean and the standard deviations, which are
shown in Table 1. From there, a percentage standard error was
calculated for each particle size and was carried through the
other analyses. It should be noted that the exact particle sizes
as determined by the manufacturer are 9.2 � 10% (10 nm), 14.8
� 10% (15 nm), 19.5 � 8% (20 nm), 29.5 � 8% (30 nm), 39.5 �
8% (40 nm), 48.9 � 8% (50 nm), 61.8 � 10% (60 nm), 78.9 � 8%
(80 nm), 101.6 � 8% (100 nm), 152.6 � 8% (150 nm), and 203.2
� 8% (200 nm). It should be noted that these values were used
to calculate the average surface coverage of oligonucleotides,
deflection angles, and footprint values in Table 1.
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