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Abstract

Gold nanoparticles (AuNPs) functionalized with a short chain amine-terminated alkanethiol (HS-
(CHy)2NH> or C2 NH»-thiol) are prepared via a direct synthesis method and then ligand-
exchanged with a long chain amine-terminated alkanethiol (HS-(CH;)11NH, or C11 NH,-thiol).
Transmission electron microscopy analysis showed the AuNPs were relatively spherical with a
median diameter of 24.2+4.3nm. X-ray photoelectron spectroscopy was used to determine surface
chemistry of the functionalized and purified AuNPs. The ligand-exchange process was monitored
within the time range from 30 min to 61 days. By the 41" day of exchange all the C2 NH,-thiol
molecules had been replaced by C11 NH,-thiol molecules. C11 NH,-thiol molecules continued to
be incorporated into the C11 NH, self-assembled monolayer between days 4 and 14 of ligand-
exchange. As the length of the exchange time increased, the functionalized AuUNPs became more
stable against aggregation. The samples were purified by a centrifugation and re-suspension
method. The C2 NH, covered AuNPs aggregated immediately when purification was attempted.
The C11 NH, covered AuNPs could be purified with minimal or no aggregation. Small amounts
of unbound thiol (~15%) and oxidized sulfur (~20%) species were detected on the ligand-
exchanged AuNPs. Some of the unbound thiol and all of the oxidized sulfur could be removed by
treating the functionalized AuNPs with HCI.

Introduction

The rapid increase in the use of nanoparticles in biotechnology applications has been driven
by the unique properties of the nanomaterials provided by their high percentage of surface
atoms.1=5 Size, shape and surface chemistry are all important properties for determining the
performance of nanoparticles.® By varying these properties one can tune the nanoparticle
performance for a wide-range of applications.® Special interest in gold nanoparticles
(AuNPs) for in vivo nanomedicine studies can be attributed to their non-toxicity.” AuNPs
have also been used in areas such as microarray, biosensor, imaging, diagnostics, drug and
nucleic acid delivery, and fingerprinting applications.19-21 In these applications, the AuNPs
are modified with surface ligands to allow subsequent biomolecule immobilization, or they
are directly functionalized with the biomolecules. Among the common methods used to
functionalize AuNPs is adsorbing a self-assembled monolayer (SAMSs) of alkanethiols onto
the AuNP surfaces.?2 The preparation and characterization of SAMs on flat Au surfaces has
been extensively studied for over three decades.?2-36 Although SAMs are widely used to
functionalize AuNPs, detailed, quantitative characterization of the SAM functionalized

"Corresponding Author: Prof. David G. Castner, Department of Chemical Engineering, University of Washington, Box 351750,
Seattle, WA 98195-1750, 1-206-543-8094, castner@nb.uw.edu.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Techane et al.

Page 2

AuNPs is often lacking.? For biomedical applications amine-terminated SAM functionalized
AUNPs (NH,-SAM-AuUNPs) are commonly used as carriers to deliver immobilized
biomolecules such as DNA and siRNA into cells, and to perform colorimetric assays of
enzymes such as hyaluronidase.3-39 Given the challenges of preparing well-defined, model
amine SAMs on flat Au surfaces,C it is especially important to characterize NH,-SAM-
AUNPs.

AUNPs with diameters of ~5nm, commonly known as monolayer protected clusters, have
been successfully functionalized with amine-terminated ligands by including the amine thiol
in the synthesis solution.#%: 42 However, it has been difficult to functionalize large AuNPs by
ligand-exchange with NH»-alkanethiols. We have observed that AuNPs with diameters >12
nm synthesized by the citrate reduction method*3: 44 aggregated severely and irreversibly
when ligand-exchange of the citrate covered AuNPs was attempted with amine thiols. One-
step ligand-exchange of the citrate covered AuNPs with OH and CH3 terminated
alkanethiols have also been shown to lead to aggregation.*> A ligand-exchange method
using thioctic acid, a COOH-dithiol, as an intermediate stabilizer and 11-amino-1-
undecanethiol (C11 NHo-thiol) as the final thiol was reported by Lin et al. to convert citrate-
AuNPs to NH,-SAM-AUNPs.46 Though the two-step functionalization improved the
stability of the AuNPs, the final AuNPs were not completely covered with the C11 NH,-
SAM.46

Niidome et al. developed a one-step one-phase synthesis and functionalization of AuNPs
(~34nm diameter) with 2-aminoethanethiol (C2 NH,-thiol).37 Lee et al. reported using
similar method to prepare 14nm C2 NH,-SAM-AuNPs.38 These methods are a good starting
point for preparing NH,-SAM-AuUNPs. However, the stability of functionalized AuNPs
against aggregation typically depends on both the charge and chain length of the molecule
used to functionalize the AuNPs.%> For example, C2 NHj, thiols are typically too short to
provide good AuNP stabilization against aggregation. Though Lee et al. reported purifying
the C2 NH,-SAM-AUNPs using dialysis,38 we observed that using either dialysis or
centrifugation for purification resulted in immediate aggregation of the C2 NH,-SAM-
AUNPs. Niidome et al. did not report if the NH»-SAM-AUNPs were purified before DNA
immobilization.3” In another study, we found for AuNPs that shorter-chain COOH-SAMSs
provided less stabilization against aggregation than longer-chain COOH-SAMs.#’ Following
similar reasoning, the short chain C2 NH»-SAM is not expected to provide much stability
against AuUNP aggregation. Since surface characterization results such as X-ray
photoelectron spectroscopy (XPS) were not reported in previous studies of C2 NHy-SAM-
AUNPs, the surface compositions and extent of purity of the C2 NH,-SAM-AUNPS were
unknown.

In the present study, we followed the method of Niidome et al.3 to prepare C2 NH,-SAM-
AUNPs, but then performed a ligand-exchange to ultimately functionalize the AuNPs with
C11 NH,-SAMs. The AuNPs did not aggregate throughout the C2 to C11 amine thiol
ligand-exchange process. Purification of the C11 NH,-SAM-AuUNPs, after the ligand-
exchange, resulted in some aggregation of the AuNPs. This aggregation decreased with
ligand-exchange time and it was completely reversed by adding few drops of 1M HCI.
Transmission electron microscopy (TEM) was used to determine the size and shape of C2
NH,-SAM-AUNPs, and XPS was used to determine surface chemistries of the AuNPs at
various stages of the C11 amine thiol ligand-exchange process.
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Experimental Section

Materials

The following chemicals were purchased from Sigma-Aldrich and used as received: gold
(1) chloride hydrate (HAUCI4-xH»0, x = ~3, 99.999%), cysteamine hydrochloride (HS-
(CH2)oNH>, HCI, 98%), sodium borohydride (NaBH,4, 99%) and 11-amino-1-undecanethiol
hydrochloride (HS-(CH»)11NH5 HCI, 99%). Additional reagents (company, concentration
and grade) included HCI (EMD Chemicals Inc., 36.5-38%, ACS) and ethanol (AAPER,
absolute 200 proof). Ultrapure water (resistivity >18.0 M Q cm) was purified by a Modulab
Analytical research grade water system. TEM grids (Carbon Type-A, 300 mesh, copper
grids) were purchased from Ted Pella. Silicon wafers were purchased from Silicon Valley
Microelectronics, diced into 0.6—1cm x 1cm pieces, then thoroughly cleaned by sonication
in a series of organic solvents (dichloromethane, acetone and methanol; 2x 5min
consecutive treatments in each solvent). A CHA 600 Electron Beam Evaporator was used to
deposit 10 nm titanium films at pressures below 1 x 1076 Torr onto the flat, clean silicon
wafer pieces.

Synthesis of Co NH2-SAM-AuNPs

The method developed by Niidome et al.3” was used to synthesize the C2 NH»-SAM-
AUNPs. The main solutions were prepared as follows: 223.69mg of HAuCl, was dissolved
into 400mL of ultrapure water to produce a 1.42mM solution, 96.80mg of cysteamine
hydrochloride was dissolved into 400uL of ultrapure water to produce a 213mM solution,
and 7.57mg of NaBH,4 was dissolved into 20mL of ultrapure water to produce a 10mM stock
solution. The HAuUCI, solution was added to a 500mL-plastic beaker, covered with a glass
plate and aluminum foil, and then stirring with a magnetic bar was commenced. The
cysteamine solution was added to the HAuUClI, solution and the mixed solution was stirred
for 20 minutes. Finally, 0.1mL of the NaBH, solution was added and stirring was continued
for 2 hours. The final product was used immediately after synthesis for ligand-exchange
with the C11 NH»-thiol. Prior to the C11 NH,-thiol exchange about 1mL of the C2 NH,-
thiol sample was placed onto a TEM grid and allowed to air-dry on filter paper. This sample
was then used for TEM analysis of the AuNP size and shape.

Ligand-exchange of C, NH2-thiols with C11 NH»-thiols on AuNPs

The C2 NH,-SAM-AUNPs was ligand-exchanged with the C11 NH,-thiol as follows. First,
a 5mM solution of the C11 NH,-thiol was prepared in ethanol. Then, an excess amount of
the thiol solution was added to the C2 NH,-SAM-AuUNPs solution in an aluminum foil
covered flask. For example, 8mL of a 5mM C11 NH,-thiol solution was added to a 400mL
of the C2 NH»-SAM-AUNP solution. The mixture was then stirred on a magnetic plate.
Samples (~30mL) were taken from the solution after the following times of ligand
exchange: 30min, 3hrs, 12hrs, 24hrs, 2days, 4days, 7days, 14days, 21days, 31days and
61days.

Each of these samples were then divided into 20 1.5mL microcentrifuge tubes and
centrifuged at 10,000RPM for 15min at room temperature. After removing the supernatant,
the precipitates were vortex-mixed and the contents from 5 tubes were combined into 1 tube.
After adding ultrapure water and vortex-mixing, the samples were centrifuged again under
the same conditions. Then, after removing the supernatant, the precipitates were vortex-
mixed and the contents from 2 tubes were combined into 1 tube. Now, each sample had been
consolidated into two tubes and these tubes were further purified by repeating the
centrifugation and vortex-mixing steps at least 2 times. Based on the XPS sulfur spectra,
more rinsing was required for the longer ligand-exchange times to remove unbound thiols.
Finally, the samples from the remaining two tubes were combined into a single tube and
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~100pL of ultrapure water was added to the tube. Then the sample was vortex-mixed to
produce a homogeneous solution. An additional step involved addition of HCI acid. In this
case, after finishing the purification stage, a different number of drops (1, 6, 12 and 24) of a
1M HCI solution was added to 4.8mL of 24x diluted purified/concentrated samples. Adding
one drop of the HCI solution did not result in a noticeable change in amine covered AuNPs.
Adding 6, 12 or 24 drops of the HCI solution resulted in similar noticeable changes in the
amine covered AuNPs. These HCI treated samples were analyzed by XPS before and after
rinsing with water.

For XPS analysis, a small drop (~20pL) of the final concentrated product was placed onto a
clean titanium coated substrate and allowed to dry in a vacuum desiccator. This step was
repeated until a complete layer of AuNPs was formed on the substrate and the substrate Ti
signal was minimized during XPS analysis. The samples were stored in petri-dishes
backfilled with nitrogen gas and wrapped with parafilm. XPS measurements were performed
approximately two hours after the sample drying was completed.

Transmission Electron Microscopy

TEM measurements were performed on Philips CM100 instrument operating at 100kV
accelerating voltage. It was equipped with a Galan Model 689 digital slow scan camera.
Pictures with 128x128 pixels were taken of the AuNPs with typical magnifications in the
range of 90,000 — 340,000x. ImageJ software was used to analyze average diameter, size
distribution and circularity of AUNPs from the TEM images. The results were based on
analysis of approximately 1300 nanoparticles from 3 batches of C2 NH,-SAM-AUNPs.

X-ray photoelectron spectroscopy

XPS measurements were performed on a Kratos AXIS Ultra DLD (Kratos, Manchester, UK)
instrument in the ‘hybrid” mode using a monochromatic Al Ka X-ray source and a nominal
photoelectron take-off angle of 0° (the take-off angle is defined as the angle between the
substrate normal and the axis of the analyzer lens). All samples were run as insulators using
a low-energy flood gun for charge neutralization. For each sample, a survey scan from 0 —
1100eV binding energy (BE) and elemental scans of N1, O1s, S 2p and Ti2p were acquired
using a pass energy of 80eV on three spots to determine XPS compositions. High-resolution
scans of C 1s, N1s, S 2p and Au 4f peaks were acquired from one spot on each sample using
a 20eV pass energy to examine the type of chemical species present. As a control, similar
compositional measurements were acquired for the clean titanium substrates. Measurements
were performed on three replicates for each sample. Data analysis was done using the Vision
Processing data reduction software. All BEs were referenced to the C 1s hydrocarbon peak
at 285eV.

Results and Discussion
TEM Analysis

A TEM image of the C2 NH,-SAM-AUNPs is shown in Figure 1. ImageJ analyses of the
size and shape distributions based on 1300 nanoparticles are shown in Figure 2. The median
diameter and standard deviation of the AuNPs was 24.2 + 4.3nm. The circularity index of
72% of the AUNPs was less than 1.1, where circularity index was calculated as the ratio of
major axis to minor axis of a nanoparticle.

XPS Analysis

To prepare stable NH,-SAM-AUNPSs, a one-step synthesis and functionalization method was
performed using C2 NH-thiols followed by ligand exchange using C11 NH,-thiols. We
observed that the unpurified C2 NH,-SAM-AuNPs were stable in solution for only a few
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days. When similar ligand exchange was performed on citrate-covered AuNPs or AuNPs
that had been functionalized with C6 COOH-SAMs (mercaptohexanoic acid SAMS), the
AUNP aggregated irreversibly. This could be due to reversal of the surface charge from the
negatively charged citrate or COOH-SAM covered AuNPs to the positively charged NH,-
SAM covered AuNPs. Therefore, it appears to be advantageous to have the same surface
functionalities on the AuNP surfaces before and after and the exchange with the final ligand.
Our results indicate that this prevents aggregation of the amine functionalized AuNPs during
final functionalization step.

Composition results from XPS analysis of the NH,-SAM-AuUNPs after various ligand-
exchange times are compiled in Table 1. All samples showed the presence C, N and S from
the NH,-SAMs overlayer, as well as Au from the NPs. In addition to these expected
elements, O was detected. Previously it has been reported that oxygen is a common
contaminant observed on NH,-SAMSs formed on flat Au surfaces.*0: 48. 49 Small amounts of
Ti from the underlying Ti coated substrate were also observed on some of the samples. The
Ti atomic concentrations for those samples were as follows at the various ligand-exchange
times: 0.2% (3hrs), 1.5% (24hrs) and 0.1% (14, 21 and 31 days). To remove the
contributions from the Ti substrate, proportional values from the measured composition of a
bare Ti surface (atomic %: Ti = 30.2, O = 40.6, C = 21.0 and N = 2.3) were subtracted from
the NH,-SAM-AUNP samples, and the data was then renormalized.

As shown in Table 1, the C concentration increased from ~24 atomic % to ~52% while the
Au concentration correspondingly decreased from ~65% to ~35 atomic % (an increase of the
C/Au atomic ratio from 0.4 to 1.5) when the ligand-exchange was increased from 30min to
61days. The changes in the C and Au signals with ligand-exchange time are consistent with
increasing replacement of the shorter C2 NH»-thiol molecules with the longer C11 NH,-
thiol molecules. The C11 NH2 SAM contains more carbon atoms and the resulting thicker
SAM attenuates the Au signal more.3? As shown in Table 1, the N concentration also
decreased slightly with increased ligand-exchange time. The shortest ligand-exchange times
had the highest N concentration, while the longest ligand-exchange times had the lowest N
concentration. The N/C atomic ratio, as well as the S/C atomic ratio, decreased from 0.2 to
0.1 when ligand-exchange time increased from 30min to 61days. These results are consistent
with more C2 NH,-thiols on the AuNPs at shorter exchange times and more C11 NHo-thiols
on the AuNPs at longer exchange times as the relative concentrations of N and S are higher
in the C2 NHo-thiol than in the C11 NH,-thiol. The O concentration increased slightly with
time. While it has been shown that oxygen-containing contaminants are present in amine
SAMs, 40 high-resolution XPS S2p spectra showed that some of the detected oxygen from
the NH,-SAM-AUNP samples was associated with the presence of oxidized sulfur, as
discussed below.

In Figure 3 the surface compositions of just the SAM overlayers, renormalized without the
Au and O concentrations, were compared with the stoichiometric compositions of the two
thiols to examine the replacement of the C2 NH,-thiol with the C11 NH,-thiol. The carbon
concentration increases, while both the nitrogen and sulfur concentrations decrease with
increasing ligand exchange time. At first time point the carbon concentration is higher and
the nitrogen and sulfur concentrations lower than those expected for a pure C2 NH»-thiol.
This indicates a significant amount of the C2 NH,-thiol is already replaced by C11 NH,-
thiol within the first 30 min of ligand-exchange. The composition of the C2 NH, covered
AuNPs before ligand exchange could not be measured since this sample immediately
aggregated upon trying to purify it for analysis. As the ligand-exchange is increased to 4
days and beyond, the renormalized composition of C, N and S became constant and the error
bars decreased, showing that the sample compositions became more reproducible. The
measured C, N and S concentrations at exchange times longer than 4 days are consistent
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with the presence of a fully exchanged C11 NH,-SAM on the AuNPs. However, the data
before renormalization indicates that the sample composition continues to change until 14
days of exchange time. Most notably the Au atomic percentage continued to decrease until
14 days, indicating the Au signal is increasingly attenuated by further changes in the SAM
overlayer. This suggests a mechanism where during the first 4 days of exchange the C11
NH2-thiols have completely replaced the C2 NH2-thiols on the surface of the AuNPs, then
from 4 to 14 days of exchange additional C11 NH2-thiols are incorporated in the SAM. This
second step would result in a more densely packed SAM that would further attenuate the Au
signal from the NP core.

Figure 4 shows representative XPS high-resolution C1s and N1s spectra from the 21-day,
ligand-exchanged NH,-SAM-AuNPs. The C1s spectrum has two peaks. One peak has a BE
of 285.0eV (C-H and C-C) and the other peak has a BE of 286.6eV (C-N and C-S), with
each peak containing approximately 87% and 13% of the total C1s intensity, respectively.
These results are comparable with those found for the C11-NH, SAM on flat gold
surfaces.*? The N1s spectrum contained two peaks at 399.8eV (NH,-C) and 401.2eV
(*NH3-C). In Figure 4b these peaks have intensities that are 40% and 60% of the total N1s
intensity, respectively. The intensity ratio between the two N1s peaks was not consistent,
even for different replicates of the same samples likely due to lack of potential as the
samples are removed from solution. Similar results been reported for the C11-NH, SAM on
flat gold surfaces.40

Figure 5a shows a representative XPS high-resolution S2p spectrum from the 21-day,
ligand-exchanged NH,-SAM-AuUNPs. The S2p peaks were fit using doublet peaks with a
2p1/2/2p3; ratio of 0.5 and separation of 1.2 eV, as described previously.32 The spectrum in
Figure 5a contained three sets of doublets. The most intense doublet is attributed to a surface
bound Au-thiolate species (162 eV S2p3/2 BE).32 The two smaller doublets are attributed to
unbound thiols (S2p3/2 BE near 163.5 eV) and oxidized sulfur (S2p3/2 BE near 168 eV).32
Typically it was observed in most samples that ~65%, 10-20% and 15-20% of sulfur atoms
were present as bound Au-thiols, unbound thiols and oxidized sulfur species, respectively.
The typical spectrum shown here in Figure 5a had 67% bound Au-thiolate, 16% unbound
thiol and 17% oxidized S.

An additional HCI treatment was done to better disperse the nanoparticles. A comparison of
the XPS data before and after treatment with 24 drops of the HCI solution showed that the
addition of HCI also resulted in the removal of the some of the unbound thiol and all of the
oxidized sulfur. The 21-day, ligand-exchanged NH»-SAM-AuNPs had ~7% unbound thiols
after HCI treatment and ~11% unbound thiols after rinsing the HCI treated samples.
However, oxidized sulfur was not detected on the samples treated with HCI, even if the acid
treatment was followed by a final rinsing step. Figure 5b and c show representative high-
resolution XPS S2p spectra after the addition of 24 drops of the HCI solution to the NH,-
SAM-AUNP solution. The rinsing was performed by centrifuging the sample under the
conditions noted in the experimental section with a 3x water change. To remove more of the
unbound thiol species, additional steps of centrifugation, rinsing in the presence of HCI to
prevent aggregation, then final rinsing to remove the HCI is recommended. The surface
compositions of the three types of samples (before adding HCI, after adding HCI, and after
adding HCI and then rinsing) are shown in Table 2. A contribution from CI of 3—4 atomic %
was observed on samples that were treated with HCI and not rinsed. Cl was not detected
after the final rinsing with water. The surface composition of the ‘With HCI’ sample shown
in Table 2 has been renormalized without the CI contribution to better compare the compare
the composition of that sample to the compositions of the ‘Before HCI” and “After rinsing’
samples. As seen in Table 2, the O1s concentration decreased from 3.5 atomic % (before
HCI) to 1.4 atomic % (after rinsing). The amount of sulfur also decreased from 3.6 to 2.7
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atomic % after the HCI treatment and a final rinse. These results are consistent with the
removal of the oxidized sulfur species. Interestingly, the Au, N and C percentages are not
significantly changed after the HCI treatment and rinsing. This may indicate that the
oxidized sulfur species removed was a sulfate ion and not an oxidized amine thiol molecule.

This XPS results reported in this study are the first step to preparing well-defined and well-
characterized AuNPs covered with amine SAMs. Further studies to obtain more detail about
the SAM thickness and structure on AuNPs can be obtained using by combining Simulated
Electron Spectra for Surface Analysis (SESSA) calculations with the experimental XPS
measurements.®! Time-of-flight secondary ion mass spectrometry can provide additional
structural insights into SAM covered AuNPs.4” Additional complementary analysis
techniques such as sum frequency generation vibration spectroscopy can provide further
information such as the density of gauche defects in the alkyl chains as well as the
orientation of those chains.40

Conclusions

C11 NH,-SAM-AUNPs were prepared by starting with a previously reported one-step C2
NH,-SAM-AUNPs synthesis/functionalization method followed by a ligand-exchange to
replace the C2 NH,-thiol molecules with C11 NH,-thiol molecules. TEM showed the
starting C2 NH,-SAM-AUNPs were relatively spherical and reasonably monodispersed
(average diameter of 24.2 + 4.3nm). The C11 NH,-SAM-AuUNPs were more stable than the
C2 NH»,-SAM-AuNPs, which exhibited significant aggregation during attempts to purify
them. The C11 NH,-SAM-AuUNPs could be purified with a centrifugation/re-suspending
method. XPS analysis showed that by day 4 of exchange most of the shorter C2 NH»-thiol
molecules were replaced by the longer C11 NH,-thiol molecules. However, the longer thiols
continued to be incorporated into the SAM until day 14 of exchange. XPS results detected
the presence of bound, unbound and oxidized sulfur species. Partial removal of the unbound
thiol molecules and complete removal of the oxidized sulfur species was achieved with
treatment of the samples with HCI. The final C11 NH,-SAM-AUNPSs are stable
nanoparticles that can be used as a model surfaces for biomolecule immobilization.
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Figurel.
A TEM image of the C2 NH»-SAM-AUNPs.
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Figure 2.

ImageJ results for the size distribution (median diameter = 24.2+4.3nm) and circularity of
C2 NH,-SAM-AuUNPs based on analysis of 1300 nanoparticles. The circularity is
represented by the ratio of the major axis to the minor axis of a particle.
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Figure 3.

XPS determined compositions of NH,-SAMSs on the 24nm AuNP surface after undergoing a
C11 NHa-thiol ligand-exchange for different lengths of time (30min to 61 days). The
theoretical stoichiometric compositions for the C2 NH,-thiol and C11 NH1-thiol are also
shown. The experimental data was renormalized without the Au, O and Ti signals as
discussed in the text.
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Figure4.
XPS high-resolution spectra of a) C1s and b) N1s for NH,-SAMSs on 24nm AuNPs after 21
days of ligand-exchange.
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Figure5.

XPS high-resolution S2p spectra from NH,-SAMs on 24nm AuNPs that were purified after
21 days of ligand-exchange for samples analyzed - a) before adding HCI, b) after adding 24
drops of the HCI solution but before rinsing, and c) after adding 24 drops of the HCI
solution and rinsing.
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