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Abstract
Covalently functionalized gold nanoparticles influence capillary electrophoresis separations of
neurotransmitters in a concentration and surface chemistry–dependent manner. Gold nanoparticles
with either primarily covalently functionalized carboxylic acid (Au@COOH) or amine (Au@NH2)
surface groups are characterized using extinction spectroscopy, transmission electron microscopy,
and zeta potential measurements. The impact the presence of nanoparticles and their surface
chemistry is investigated, and at least three nanoparticle-specific mechanisms are found to effect
separations. First, the degree of nanoparticle-nanoparticle interactions is quantified using a new
parameter termed the critical nanoparticle concentration (CNC). CNC is defined as the lowest
concentration of nanoparticles that induces predominant nanoparticle aggregation under specific
buffer conditions and is determined using dual-wavelength photodiode array detection. Once the
CNC has been exceeded, reproducible separations are no longer observed. Second, nanoparticle-
analyte interactions are dictated by electrostatic interactions which depend on the pKa of the analyte
and surface charge of the nanoparticle. Finally, nanoparticle-capillary interactions occur in a surface
chemistry dependent manner. Run buffer viscosity is influenced by the formation of a nanoparticle
steady-state pseudo-stationary phase along the capillary wall. Despite differences in buffer viscosity
leading to changes in neurotransmitter mobilities, no significant changes in electroosmotic flow were
observed. As a result of these three nanoparticle-specific interactions, Au@NH2 nanoparticles
increase the mobility of the neurotransmitters while a smaller opposite effect is observed for
Au@COOH nanoparticles. Understanding nanoparticle behavior in the presence of an electric field
will have significant impacts in separation science where nanoparticles can serve to improve either
the mobility or detection sensitivity of target molecules.
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Nanometer-sized particles exhibit unique chemical and physical properties which depend on
their shape, size, and local environment. Nanoparticles have been combined with separation
science to optimize detection,1–8 facilitate separation of nanoparticles themselves,9–11 and
dramatically improve resolution of target molecules.12–19 Furthermore, the use of
nanoparticles have both stabilized separation efficiency and decreased electroosmotic flow.9,
20, 21 The high surface energy of noble metal nanoparticles, however, can induce aggregation
in the harsh buffer conditions required for optimized capillary electrophoresis separations.22
Polymer additives12–14 and nanoparticle surface chemistry21, 23 have improved nanoparticle
utility in separation science; however, there has been no systematic study that correlates the
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concentration, stability, and surface chemistry of a nanoparticle with a fixed size and shape to
analyte mobility in capillary electrophoresis. These studies have been limited because
nanoparticle parameters are difficult to assess in the dynamic environment of a capillary in an
electric field.

One method to understand the function of nanoparticles in a separation is by tracking the novel,
size-dependent properties of the injected nanomaterials. For instance, gold nanoparticles
exhibit a strong extinction (absorption + scattering) band that can be tuned throughout visible
to near infrared wavelengths.24 This extinction band results when the incident photon
frequency is in resonance with the collective oscillation of the conduction band electrons and
is known as the localized surface plasmon resonance (LSPR).24 Large molar extinction
coefficients (~3×1011 M−1 cm−1)25–27 are a result of the LSPR and can be used to calculate
the concentration and size of nanoparticles in solution28 as well as to assess nanoparticle
aggregation.

To understand the optical properties of gold nanoparticles, it is important to consider not only
their composition, shape, and size but also the local environment.29 The local dielectric
environment includes both solvent molecules as well as other nanoparticles. When the
electromagnetic fields from two different nanoparticles interact, a complex LSPR is produced.
30 An important implication of nanoparticle aggregation is shifting of the LSPR to lower
energies versus isolated nanoparticles.

Surface chemistry has been used to both prevent disorganized or induce organized aggregation
of solution-phase nanoparticles.31–34 In order to prevent uncontrolled aggregation,
nanoparticle surfaces have been modified with capping molecules that form an
electrostatically-induced steric barrier between nanoparticles.35 Alternatively, to allow
controlled nanoparticle aggregation in specific environmental conditions, capping molecules
can be assembled onto the surface of the nanoparticles.

Herein, the surface chemistry on gold nanoparticles will be varied and allowed to interact with
target molecules during capillary electrophoresis. The nanoparticle pseudo-stationary phase
will comprise only 2% of the total capillary volume which has been optimized so the optical
properties of the nanoparticles can be easily monitored. The resulting stability of the
nanoparticles will be assessed using dual-wavelength photodiode array (PDA) detection. The
mobility of three neurotransmitters will be evaluated in the presence of both positively and
negatively charged covalently stabilized gold nanoparticles as well as size-matched silica and
citrate reduced gold nanoparticles. For covalently functionalized nanoparticles, the effective
surface charge impacts the mobility of the neurotransmitters in a concentration-dependent
manner. Positively charged gold nanoparticles will be shown to be more stable and interact
more strongly with both the analytes and capillary wall than the negatively charged
nanoparticles in the presence of an electric field. In all cases, the formation of nanoparticle
aggregates decreases the migration times of the targeted molecules. We expect that as the
nanoparticle pseudo-stationary phase volume increases, the magnitude of these responses will
also increase and therefore be more efficiently implemented in the separation of target chemical
and biological species.

RESULTS AND DISCUSSION
Bulk Optical and Charge Characterization of Gold Nanoparticles

The LSPR of gold nanoparticles36 has been exploited to assess the degree of nanoparticle
stability as a function of surface chemistry and local environment. As shown from TEM data
in Figure 1A, citrate reduced gold nanoparticles (Au@citrate) have an average diameter of
13.3 ± 0.6 nm. Zeta potential measurements reveal the nanoparticles are highly stable and have
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an average surface charge of −39.7 ± 0.7 mV at pH 9.3. Evaluation of the optical properties of
the nanoparticles supports the stability indicated by the zeta potential measurements. The
extinction data clearly demonstrate the stability of Au@citrate nanoparticles in both water and
buffer (Figure 1A-1 and 1A-2).

Despite the high degree of stability in bulk solution, Au@citrate nanoparticles are unstable
inside a capillary.2, 15 As a result, the electrostatically-attached citrate molecules have been
replaced by a more stable and covalently-bound surface functionalization.21, 37 First, the
citrate on the gold nanoparticle surface is replaced by thioctic acid. This step improves
nanoparticle stability and reduces uncontrolled aggregation which typically occurs in direct
exchange reactions. Subsequently, a portion of the easily displaced thioctic acid group is
replaced by 6-mercaptohexanoic acid for Au@COOH nanoparticles or 6-aminohexanethiol
for Au@NH2 nanoparticles (Scheme 1). Each exchange results in a nanoparticle type composed
of a mixed monolayer with distinct surface chemistries.

As shown in Figure 1B, Au@COOH nanoparticles exhibit an extinction maximum that is
centered at ~522 nm in both water and buffer. In both solution environments, a slight shoulder
is observed at ~615 nm and is characteristic of reduced interparticle interactions and
electromagnetic coupling between nanoparticles. In comparison to Au@citrate nanoparticles,
Au@COOH nanoparticles are slightly smaller (average diameter = 10.9 ± 1.8 nm) and exhibit
a zeta potential that is slightly less negative (−36.4 ± 2.0 mV at pH 9.3). This small change in
nanoparticle diameter is likely an artifact of nanoparticle purification required in the ligand
exchange reactions. For carboxylic acid terminated monolayers, the surface pKa ranges from
5 to 8 versus 4 to 5 in solution.38–40

Representative extinction spectra and a TEM image for Au@NH2 nanoparticles are shown in
Figure 1C. In contrast to both Au@citrate and Au@COOH nanoparticles, Au@NH2
nanoparticles exhibit a large degree of instability in buffer (pH 9.3) which is supported by an
average zeta potential equal to 5.9 ± 0.2 mV at pH 9.3. It should be noted that as the zeta
potential approaches zero, inherent nanoparticle stability worsens. Importantly, the surface
pKa for amine terminated nanoparticles ranges from 4 to 6 or ~2 – 4 units lower than the solution
pKa values.41–43

Clearly, surface pKa values are important for the ultimate stability of nanoparticles in solution.
At pH 9.3, the amine groups will be more protonated with an overall positive surface charge,
a result supported by positive zeta potential measurements for Au@NH2 nanoparticles. It
should be noted that for these nanoparticles, the effective surface charge arises from both the
exchanged amine molecules (6-amino-hexanthiol) and the remaining un-exchanged molecules
(thioctic acid) yielding ~65–70% amine group surface coverage (estimated from zeta potential
measurements).

Evaluation of Gold Nanoparticle Stability in a Capillary
It is important to identify whether solution phase nanoparticle clusters have formed reversibly
(flocculated) or irreversibly (aggregated). As shown in Figure 1, if the majority of the
nanoparticles are in their isolated form, the nanoparticles will absorb strongly at 520 nm and
weakly at 600 nm. By taking the ratio of the absorbance (R) at both wavelengths as follows:

(1)

where Absorbance520 = absorbance collected at 520 nm and Absorbance600 = absorbance
collected at 600 nm, nanoparticle stability can be quantified. For highly stable or isolated gold
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nanoparticles (i.e. Figure 1C-1), R is ~ 3.5 – 4. When nanoparticles electromagnetically couple,
the ratio decreases and will eventually approach 0.

The large magnitude of the nanoparticle extinction cross section permits the detection of
nanoparticles down to ~600 pM in a capillary (S/N ~ 4+). While photodiode array (PDA)
detector sensitivity is poor (versus UV-detection) and the extinction cross sections for isolated
and aggregates vary with size/degree of nanoparticle interactions, the combination of capillary
electrophoresis with multi-wavelength PDA detection provides for the separation and detection
of aggregates from isolated nanoparticles.

As shown in Figure 2A-i, when a 2% total volume plug length of 1.5 nM Au@COOH is injected
into a capillary, a band with a migration time = 6.1 minutes is observed in the electropherograms
collected at both 520 and 600 nm. Using Equation 1, the ratio between these band areas is ~3.8
± 0.3. This band has a shoulder centered at ~6.4 minutes which has an R value of 2.9 ± 0.7. To
improve the characterization of nanoparticles both outside and inside the capillary, we have
defined a new attribute called the “critical nanoparticle concentration” (CNC). The CNC, a
parameter similar to the critical micelle concentration in micellar electrokinetic
chromatography (MEKC), is the lowest concentration of nanoparticles that induces dominant
nanoparticle aggregation (versus stable nanoparticles) under specific buffer conditions.
Experimentally the CNC is defined by a value of ratio band areas (Equation 1) at 50% of the
total value for isolated nanoparticles.

When Au@COOH nanoparticle concentration is increased to 2.5 nM, three notable differences
are observed in the resulting electropherograms (Figure 2A-ii) versus the lower nanoparticle
concentration (Figure 2A-i). First, as expected, the intensities of the nanoparticle bands at both
520 and 600 nm increase. Second, two (unresolved) bands with migration times centered at
6.1 (shoulder) and 6.4 minutes (primary band) are detected at the two wavelengths. This
indicates multiple nanoparticle species are being detected. Finally, the band shape in Figure
2A-ii (600 nm) is significantly broader than Figure 2A-ii, characteristic of a distribution of
aggregate sizes.

Determination of the CNC for Au@COOH nanoparticles is shown in Figure 2B. As
nanoparticle concentration increases, the area for the band centered at 6.1 minutes (band 1)
decreases slightly while an increase in the area for a second band that is centered at 6.4 minutes
(band 2) is observed. Using Equation 1, band 1 maintains R values ~ 3.8; characteristic of
isolated nanoparticles. As nanoparticle concentration increases, band 2 area decreases from
2.9 ± 0.7 (at 1.5 nM) to 0.8 ± 0.6 (at 3.0 nM). As a result, band 2 is attributed to nanoparticle
aggregates. From these data, the CNC is calculated at ~1.8 nM.

When Au@NH2 nanoparticles are injected into the capillary; surface chemistry-dependent
migration times are observed. At all concentrations studied, bands centered at 3.3 and 4.4
minutes are detected at 520 and 600 nm. Using Equation 1, for 1.5 nM Au@NH2 (Figure 2C-
i), R = 3.9 ± 0.2 for band 1 and agrees with the extinction intensity ratio. This result indicates
nanoparticles are behaving as isolated instead of aggregated/flocculated nanoparticles as their
characterization outside the capillary suggests. The ratio for band 2 is 2.3 ± 0.7 indicative of
nanoparticle aggregation.

At higher concentrations of Au@NH2 nanoparticles (3.5 nM), PDA measurements reveal
similar band shapes at 520 and 600 nm (Figure 2C-ii). Band 1 displays a migration time of ~
3.3 minutes and a ratio = 3.9 ± 0.2 while maintaining similar shapes at both wavelengths. Band
2, however, has obvious differences in both relative absorbance area and shape versus lower
nanoparticle concentrations. Notably, band shape is highly dependent on detection wavelength.
For example in Figure 2C-i, band 2 is significantly broader at 600 nm versus 520 nm indicating
detection of a heterogeneous distribution of nanoparticle aggregates.
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The CNC for Au@NH2 nanoparticles is determined in Figure 2D. Similar to Au@COOH
nanoparticles, Au@NH2 nanoparticles reveal concentration dependent trends in the ratio data
for both bands 1 and 2. For all concentrations studied, band 1 maintains a ratio for ~ 3.9
indicative of isolated nanoparticles. The ratio of band 2, however, decreases with increasing
concentration. Here, the CNC is estimated at 2.3 nM, a result surprising given the instability
of these nanoparticles outside the capillary.

Clearly, differences in nanoparticle surface chemistries are observed. Despite injections of
equal concentrations, the Au@NH2 nanoparticles exhibit ~one-half the overall PDA-collected
absorbance intensity versus Au@COOH nanoparticles. This could indicate three different
phenomena. Au@NH2nanoparticles are more likely to (1) interact with the capillary wall, (2)
diffuse through the capillary below the detection limit of the PDA detector, and/or (3) exhibit
injection problems versus Au@COOH nanoparticles. Dark-field microcopy reveals that the
nanoparticles are not visibly attached to the capillary walls (data not shown). Similar current
changes (in amperes) are observed when the nanoparticle plug exits the capillary suggesting
that the Au@NH2 nanoparticles more freely diffuse along the capillary wall than the
Au@COOH nanoparticles thereby resulting in lower signal strengths.

Impact of Nanoparticle Functionality and CNC on the Separation of Neurotransmitters
To investigate the impact nanoparticles have on analyte mobility, as before, a 2% plug of the
total capillary volume of Au@COOH and Au@NH2 nanoparticles as well as size-matched
silica and Au@citrate nanoparticle controls were injected into a capillary at various
concentrations prior to a plug of three neurotransmitters (dopamine, epinephrine, and
pyrocatechol). The nanoparticles travel more slowly than the neurotransmitters thereby serving
as a mobile pseudo-stationary phase. In all cases, the elution order of the neurotransmitters is
(d) dopamine, (e) epinephrine, and (p) pyrocatechol (Supplementary Information).

Trends in these data are clearer when the migration of only one neurotransmitter is analyzed.
In Figure 3, the migration time of the pyrocatechol band remains statistically constant upon
the addition of either silica or Au@citrate nanoparticles (Figure 3A and 3B, respectively).
Upon increasing the concentration of Au@COOH nanoparticles, the migration time of
pyrocatechol increases until its CNC is exceeded (Figure 3C). Upon achieving the CNC,
uncontrolled aggregation occurs and the capillary clogs. In contrast, as Au@NH2 nanoparticle
concentration increases, pyrocatechol migration times decrease (Figure 3D). This is the first
demonstration of increasing analyte mobility with gold nanoparticles! It should be noted that
these trends are similar for each neurotransmitter used in this study.

We hypothesize at least three mechanisms are influencing this separation. First, Au@NH2
nanoparticles have a higher CNC than the other nanoparticles studied, and this improved
stability in the capillary leads to more reproducible separations. This likely arises because
Au@NH2 nanoparticles form a mobile viscous layer at the capillary surface. Second, the
effective “positive” surface charge on the Au@NH2 nanoparticles are more strongly attracted
to the negative anode, the capillary wall, and negatively charged/neutral neurotransmitters. As
a result of these attractions, increased electroosmotic flow and a larger influence on analyte
mobility are measured for Au@NH2 versus the other functionalized nanoparticles studied.
Finally, the positively charged Au@NH2 nanoparticles are more strongly attracted to the
capillary wall than the other nanoparticles studied. While the nanoparticles do not bind
irreversibly to the capillary wall, a dilution effect is likely occurring as observed with the PDA
measurements.

Finally, Figure 4 shows how nanoparticle concentration and functionalization impacts the
mobility of dopamine. Au@COOH nanoparticles have a slight retarding effect while
Au@NH2 nanoparticles clearly increase the migration time of the same molecule. Closer
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examination of these mobility changes reveal that while the negatively charged Au@COOH
nanoparticles systematically decrease the analyte mobility, the changes in mobility are not
significantly different among the various nanoparticle concentrations studied. When
Au@NH2 nanoparticles are included in the separation, the neurotransmitter mobility
significantly increases as determined from 95% confidence interval and T-test analyses.

Evaluation of Mobility Variations of Neurotransmitters in the Presence of Covalently-
Functionalized Nanoparticles

In these studies, it is important to consider how the inherent mobility of the molecules has
changed with both (1) variations in Au@NH2 nanoparticle concentration as well as (2) versus
Au@COOH nanoparticles. When nanoparticles are included in a separation, the
electrophoretic mobility of a charged molecule may change and can be approximated using
the Debye-Hückel-Henry theory:

(2)

where q is the charge on the species, η is the viscosity of the surrounding buffer, and r is the
radius of the species.44 Because no significant effect on electroosmotic flow was observed in
the presence of nanoparticles, either the charge of the molecule, the size of the molecule, or
the viscosity of the buffer must change if the electrophoretic mobility of the molecule varies.
The effective charge and size of the neurotransmitters remain constant regardless of
nanoparticle inclusion. Consequently, buffer viscosity must increase if an increase in the
electrophoretic mobility of the molecules is observed. Rearrangement of Equation 2 yields an
approximation of the viscosity of the separation buffer. Assuming all molecular (dopamine)
parameters are constant among injections, buffer viscosity increases by ~0.68% for 1.18 nM
Au@COOH nanoparticles while a ~1.70% decrease is observed when 1.18 nM Au@NH2
nanoparticles are included (versus control experiments).

Similar to a dynamic coating,44 nanoparticles must reach a steady-state interaction with both
molecules and the capillary wall. As observed in Figure 4A, below the CNC, the error in the
mobility of dopamine decreases with increasing Au@COOH nanoparticle concentration. We
hypothesize that because these negatively charged nanoparticles are weakly attracted to the
capillary wall, the relaxation period does not reach steady-state and results in large deviations
in observed analyte mobility. As the nanoparticle concentration increases, a steady-state
environment45 is achieved more efficiently, and the separation becomes systematically more
reproducible until aggregation dominates.

The positively charged Au@NH2 nanoparticles, on the other hand, are more strongly attracted
to the capillary wall and achieve a steady-state much more quickly than the negatively charged
Au@COOH nanoparticles. As observed in Figure 4B, when 0.22 nM Au@NH2 nanoparticles
are included, the mobility of dopamine is highly irreproducible; however, the reproducibility
of the separation is greatly improved when the nanoparticle concentration exceeds ~0.5 nM
but is less than the CNC. The readily formed nanoparticle containing viscous layer at the
capillary wall will increase the mobility of the molecules as observed in Figure 4B.

Importantly, the nanoparticle pseudo-stationary phase used in these studies occupies less than
2% of the total capillary volume. Just as the viscous nanoparticle layer near the capillary is
formed because of the dynamic nature of the system, it will also be destabilized. As the length
of the nanoparticle pseudo-stationary phase increases, impacts on analyte mobility will likely
increase, also. Furthermore, these results will likely be magnified as nanoparticle concentration
and/or plug length are increased.12–14
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CONCLUSIONS
In summary, the optical properties of covalently functionalized gold nanoparticles have been
used to investigate the stability of the nanoparticles as well as the mobilities of dopamine,
epinephrine and pyrocatechol in capillary electrophoresis. The nanoparticle pseudo-stationary
phase comprised only 2% of the total capillary volume allowing the optical properties of
aggregated and isolated nanoparticles to be easily distinguished. The stability of both amine
and carboxylated gold nanoparticles was determined using extinction spectroscopy and zeta
potential measurements outside the capillary. Inside the capillary, the lowest nanoparticle
concentration which induced aggregation (i.e. CNC) was subsequently evaluated using dual
wavelength PDA detection.

These findings demonstrate that effective surface charge impacts interactions of nanoparticles
with analytes, the capillary wall, and other nanoparticles. These interactions directly influence
the mobility of the nanoparticles. Furthermore, the mobility of the neurotransmitters increases
in the presence of amine terminated nanoparticles but decreases slightly with carboxyl
terminated nanoparticles. Below the CNC, this observation is dominated by the formation of
a mobile pseudo-stationary phase at the capillary wall which is hypothesized to increase the
local buffer viscosity. The presented approach of exploiting nanoparticle behavior in the
presence of an electric field will have significant impacts in separation science where
nanoparticles are employed. Further investigations will lead to more controlled improvements
in the separation and detection of target biological and chemical species.

METHODS
Reagents and Chemicals

All chemicals were purchased from Sigma-Aldrich (St Louis, MO) unless otherwise noted. 6-
Amino-hexanethiol was purchased from Dojindo Chemicals (Gaithersburg, MD). Silica
nanoparticles (diameter, d = 15 nm) were purchased from Nanostructures and Amorphous
Materials (Los Alamos, NM). Water was purified to a resistivity greater than 18 MΩ cm−1

using a Barnstead Nanopure (Dubuque, IA) water filtration system. Solutions were filtered
through 13 mm diameter, 0.45 µm nylon filters from Whatman (Middlesex, UK) prior to use.

Fused silica capillary was purchased from Polymicro (Phoenix, AZ) and had an internal
diameter of 75 µm, an outer diameter of 360 µm, and an external polyimide coating. The total
capillary length was 60.2 cm with a 50 cm effective length.

Nanoparticle Synthesis
Prior to synthesis, all glassware were cleaned with aqua regia. Gold nanoparticles were
prepared using an established procedure.36 Briefly, 20 mg of HAuCl4 was dissolved in 50 mL
water and brought to a rolling boil while stirring using a reflux condenser. Trisodium citrate
(60 mg) was dissolved in water (5 mL) and added to the boiling solution. Initially, the solution
turned very dark violet and quickly changed to red. The solution was refluxed for an additional
15–20 minutes. After cooling, the resulting nanoparticle solution was stored in a brown bottle
until use. A standard estimation model was used to calculate the concentration of gold
nanoparticles.28 This was achieved and validated in a multi-step process. First, the average
nanoparticle diameter was obtained from TEM measurements. Based on this value, a
corresponding molar extinction coefficient (ε) was calculated from the standard estimation
model. Next, the nanoparticle concentration was verified using the extinction intensity at 450
nm versus its extinction maximum. For Au@citrate nanoparticles, this concentration was
evaluated as 7.82 nM.
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Nanoparticle Functionalization and Preparation
Functionalized nanoparticles were synthesized by modifying a multi-step procedure.37 First,
citrate molecules on the nanoparticle surface were displaced by thioctic acid. To do this, 0.4
mL of thioctic acid (in ethanol, 10 mM or 4 mM for the carboxylated and amine
functionalization, respectively) was added to the previously synthesized citratereduced gold
nanoparticles in a ratio of 0.1 mL thioctic acid to 1 mL nanoparticles. This solution was stirred
overnight so that the reaction could reach equilibrium. The nanoparticles were then centrifuged
at 15,000 rpm for 20 min, and the supernatant was discarded. The resulting nanoparticles were
resuspended in water to a concentration of 7.82 nM.

Au@COOH nanoparticles were functionalized with 6-mercaptohexanoic acid by first
adjusting the pH of the thioctic acid-modified nanoparticle solution to 11 with 1 M NaOH.
Next, an ethanolic solution of 10 mM 6-mercaptohexanoic acid was added to the nanoparticle
solution in a ratio of 0.1 mL 6-mercaptohexanoic acid to 1 mL nanoparticles and stirred
overnight in an ice bath. The resulting carboxylic acid terminated nanoparticles were
centrifuged at 15,000 rpm for 20 minutes, the supernatant discarded, and the nanoparticles
resuspended in water pH adjusted with 1 M NaOH to a concentration of 1.74 nM prior to use.

Au@NH2 nanoparticles were functionalized using a similar procedure. In an ice bath, 4 mM
6-amino-1-hexanethiol (in ethanol) was added to thioctic-acid stabilized nanoparticles without
adjustment of solution pH (in a ratio of 0.1 mL 6-amino-hexanethiol to 1 mL nanoparticles).
Within five minutes, the color of the nanoparticle solution turned from burgundy to purple.
After one hour, 1 M HCl (0.1mL 1 M HCl to 1 mL nanoparticles) was added and the
nanoparticle solution immediately changed to a burgundy color. This solution was stirred over
night in an ice bath. Next, the resulting solution was centrifuged at 15,000 rpm for 20 minutes,
the supernatant discarded, and the nanoparticles resuspended in water pH adjusted with 1 M
HCl to a (nanoparticle) concentration of 1.31 nM prior to use.

Varying nanoparticle concentrations were obtained by either diluting the nanoparticles in
separation buffer or by preconcentrating the nanoparticles via centrifugation (15,000 rpm for
20 minutes) and resuspending them in buffer.

Silica nanoparticles were suspended in water to a stock concentration of 7.82 nM and diluted
to the desired concentration in separation buffer.

Buffer Preparation
50 mM tetraborate buffer (pH 9.3) was prepared using boric acid and sodium tetraborate. The
pH was adjusted with 1 M NaOH. The separation buffer was prepared by diluting this stock
solution to a concentration of 10 mM tetraborate. All buffers were filtered prior to use.

Sample Preparation
Three neurotransmitters (dopamine, epinephrine, and pyrocatechol) were used in these studies.
Stock solutions (5 mM) of each were made in 10 mM tetraborate buffer. These samples were
diluted to a final concentration of 50 µM in the same buffer and filtered prior to use.

Capillary Conditioning
The capillary was conditioned prior to each run as follows. First, the capillary was rinsed with
0.1 M HNO3 (20 psi for 5 min), water (20 psi for 2.25 min), 1 M NaOH (20 psi for 2.25 min),
water (20 psi for 2.25 min), and 50 mM sodium tetraborate buffer (20 psi for 2.25 min). The
capillary was then filled with the separation buffer (20 psi for 3 min) prior to each separation.
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Capillary Electrophoresis Equipment
All separations were performed on a Beckman Coulter PACE-MDQ capillary electrophoresis
instrument equipped with a UV detector, photodiode array (PDA) detector, and capillary
cooling. Capillary temperature was maintained at 25° C. UV detection occurred at 214 nm,
and PDA detection occurred at both 520 nm and 600 nm. The instrument was utilized per
manufacturer recommendations.

The neurotransmitter sample and nanoparticle solution were injected sequentially into the
capillary to reduce possible nanoparticle instability caused by the molecules. The injection
scheme for these materials was as follows: 5 sec (1 psi) nanoparticles, 1 sec (1 kV) buffer, and
10 sec (10 kV, normal polarity) neurotransmitters. The buffer plug helped to minimize cross-
contamination between the sample vials. Separations were performed by applying a voltage of
20 kV (normal polarity) across the capillary.

Each experiment was performed in triplicate. While these effects were minimized, separations
were performed in increasing nanoparticle concentration to reduce complications that might
arise from nanoparticles that could remain in the capillary between runs. Data were analyzed
using OriginPro 7.5 and Grams AI 7.0. Data shown in electropherograms have been normalized
to account for slight variations in buffer and sample matrix. Normalization was performed by
adjusting the migration time of epinephrine from the first run of the day to its average migration
time for a series of control experiments in the absence of nanoparticles. The same adjustment
factor was subsequently applied to all data from that day. The PDA data have been smoothed
using a first order Savitzky-Golay fit (20 point window).

UV-Visible (UV-Vis) Spectroscopy
The optical properties and the overall stability of the gold nanoparticle solutions were evaluated
in water and buffer using UV-Vis spectroscopy (USB4000, Ocean Optics, Dunedin, FL).

Zeta Potential
The effective surface charges on the gold nanoparticles were measured using zeta-potential
(Malvern Instruments Zetasizer, Worcestershire, UK). Reported zeta potential measurements
were collected in separation buffer at 1.96 nM Au@citrate, 1.96 nM silica, 1.77 nM
Au@COOH, and 0.65 nM Au@NH2 concentrations. Data were obtained using a monomodal
acquisition and fit according to the Smoluchowski theory.

Transmission Electron Microscopy (TEM)
Homogeneity of the nanoparticles was characterized using TEM (JEOL JEM-1230). In all
cases, ~2 µL of diluted nanoparticle solution (50% mixture in ethanol) was applied to a carbon-
formvar coated copper grid (400 mesh, Ted Pella, Redding, CA) and allowed to air dry. Any
remaining solution was removed with filter paper prior to TEM analysis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization of gold nanoparticles using LSPR spectroscopy and TEM (inset)
(A) Au@citrate (d = 13.3 ± 0.6 nm) have an extinction maximum located at (1) 523.3 nm in
water and (2) 524.8 nm in buffer. (B) Au@COOH (d = 10.9 ± 1.8 nm) have an extinction
maximum located at (1) 521.5 nm in water and (2) 522.3 nm in buffer with a slight shoulder
located ~625 nm in both spectra. (C) Au@NH2 (d = 13.8 ± 2.0 nm) have an extinction maximum
located at (1) 524.0 nm in water and (2) 617.5 nm with a shoulder at the original extinction
maximum ~525 nm in buffer. In all buffer spectra, 10 mM tetraborate buffer (pH = 9.3) is used.
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Figure 2. Dual-wavelength PDA detection of nanoparticles in a capillary
(A) Representative electropherograms for (i) 1.5 nM Au@COOH nanoparticles at λdet = 520
nm (band 1 S/N = 12.4 and band 2 S/N = 6.8) and λdet = 600 nm (band 1 S/N = 7.4 and band
2 S/N = 4.0). Representative electropherograms for (ii) 2.5 nM Au@COOH nanoparticles at
λdet = 520 nm (band 1 S/N = 3.0 and band 2 S/N = 19.4), and λdet = 600 nm (band 1 S/N = 8.0
and band 2 S/N = 18.9). Determination of the CNC of Au@COOH nanoparticles. Triangle =
Band 1 (t = 6.1 min) and Circle = Band 2 (t = 6.4 min). (C) Representative electropherograms
for (i) 1.5 nM Au@NH2 nanoparticles at λdet = 520 nm (band 1 S/N = 16.1 and band 2 S/N =
11.1) and λdet = 600 nm (band 1 S/N = 17.6 and band 2 S/N = 16.9). Representative
electropherograms for (ii) 3.5 nM Au@NH2 nanoparticles at λdet = 520 nm (band 1 S/N = 12.0
and band 2 S/N = 21.0) and λdet = 600 nm (band 1 S/N = 15.4 and band 2 S/N = 18.3). (D)
Determination of the CNC of Au@NH2 nanoparticles. Triangle = Band 1 (t = 3.3 min) and
Circle = Band 2 (t = 4.4 min). In panels B and D, average areas for bands 1 and 2 were measured
via integration techniques. Error bars represent propagated error from a minimum of three
electropherograms.
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Figure 3. Evaluation of trends in the migration time of pyrocatechol as a function of nanoparticle
concentration
Representative electropherograms in the presence of (A) silica, (B) Au@citrate, (C)
Au@COOH, and (D) Au@NH2 nanoparticles. In each case, nanoparticle bands are starred. 10
mM tetraborate buffer (pH = 9.3) is used and the “sample” injection order is nanoparticles (1
psi for 5 s), buffer (1 kV for 1 s), and neurotransmitters (10 kV for 10 s). Separation voltage
= 20 kV, λdet = 214 nm.
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Figure 4. Comparison of dopamine mobility versus nanoparticle concentration
Increasing concentrations (0 – 3.54 nM) of Au@COOH and Au@NH2 nanoparticles have
opposite effects on dopamine mobility. (A) Increasing the concentration of Au@COOH
nanoparticles slightly decreases the mobility of dopamine. (B) Increasing the concentration of
Au@NH2 nanoparticles increases the mobility of dopamine. Error bars represent the spread in
the data. If no error bars are visible, the error is included within the size of the data point itself.
The lines in the plot are included to guide the eye.
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Scheme 1. Ligand exchange reaction on gold nanoparticles
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