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ABSTRACT: A series of custom-designed alkanethioacetate
ligands were synthesized to provide a facile method of attaching
maleimide-terminated adsorbates to gold nanostructures via
thiolate bonds. Monolayers on flat gold substrates derived from
both mono- and dithioacetates, with and without oligo(ethylene
glycol) (OEG) moieties in their alkyl spacers, were characterized
using X-ray photoelectron spectroscopy, polarization modulation
infrared reflection—absorption spectroscopy, ellipsometry, and
contact angle goniometry. For all adsorbates, the resulting
monolayers revealed that a higher packing density and more
homogeneous surface were generated when the film was formed
in EtOH, but a higher percentage of bound thiolate was obtained
in THF. A series of gold nanoparticles (AuNPs) capped with
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each adsorbate were prepared to explore how adsorbate structure influences aqueous colloidal stability under extreme conditions,
as examined visually and spectroscopically. The AuNPs coated with adsorbates that include OEG moieties exhibited enhanced
stability under high salt concentration, and AuNPs capped with dithioacetate adsorbates exhibited improved stability against
ligand exchange in competition with dithiothreitol (DTT). Overall, the best results were obtained with a chelating dithioacetate
adsorbate that included OEG moieties in its alkyl spacer, imparting improved stability via enhanced solubility in water and

superior adsorbate attachment owing to the chelate effect.

B INTRODUCTION

Self-assembled monolayers (SAMs) are thin films sponta-
neously formed typically from amphiphilic molecules on
substrates such as metal, metal oxide, and semiconductor
surfaces.”” In particular, SAMs derived from the interaction of
sulfur and gold have been extensively investigated because of
the great affinity between them as well as the ease of generation
and characterization of these monolayers. Thiolate SAMs can
be prepared from adsorbates with thiol and disulfide as well as
thioacetate headgroups.”> And it is remarkably easy to control
the interfacial properties of the resulting films by varying the
nature of the terminal functional groups (tailgroups).””* For
research involving the attachment of biomolecules to surfaces,
the terminal groups used have included carboxylic acid,’
amine,” and maleimide groups’ exposed at the interface. The
maleimide group is an especially fascinating attachment moiety
that can make highly efficient and stable linkages. The coupling
between maleimide and cysteine thiols based on the Michael
addition reaction is one of the most well-known and commonly
utilized bioconjugation techniques for labeling DNA, proteins,
and peptides because maleimide is a highly reactive Michael
acceptor.'’ In addition, this coupling reaction has little or no
effect on the biological activity of the targeted biomolecule.
This strategy has therefore been used to conjugate thiol-
reactive polymers with peptides and proteins'"'* and applied to
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SAMs generated for attaching peptides and carbohydrates onto
gold surfaces.”’” Additionally, this coupling strategy has also
been employed with inorganic and polymeric nanoparticles.'*'®
To form maleimide-functionalized gold surfaces and gold
nanoparticles (AuNPs) from maleimide-bearing thiol-based
adsorbates, many studies have first protected the maleimide
group of the adsorbate from possible intermolecular reactions
by forming a Diels—Alder product. After attachment to the
surface, the protected maleimide group is then deprotected
using a retro-Diels—Alder reaction.'®'” An example would be
the furan-protected maleimide—thiol utilized by Zhu et al. to
modify the surfaces of AuNPs. After deprotection, the authors
attached a thiol-terminated '*F-labeled compound for biological
studies. However, this strategy requires an elevated temperature
of around 95 °C to initiate the retro-Diels—Alder reaction, a
temperature that can lead to the detachment of the frequently
used monodentate thiolates from gold surfaces. It has been
shown that monolayers derived from monodentate adsorbates
are markedly less stable than those generated from bidentate
adsorbates on both flat gold surfaces and AuNPs.””"*
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An alternative strategy for enabling surface attachment of
bulky groups involves the use of click reactions,"”* which offer
a simple and facile strategy to functionalize gold surfaces. These
reactions, however, typically require the use of a copper
catalyst, which can have deleterious effects on biological
systems through Fenton reactions.”’ To prevent this drawback,
copper-free click reactions have been studied that utilize highly
strained cyclooctynes, yet these compounds can be difficult to
synthesize.”””® To overcome these collective concerns, we
describe in this report the design and synthesis of a series of
robust maleimide-terminated adsorbates that pair the mal-
eimide moiety with a thioacetate headgroup. Additionally, for
AuNPs, which are colloidally unstable in organic solvents or
aqueous environments without surface ligands, we chose to test
two types of structural assemblies to evaluate which would
work best to prevent aggregation in aqueous solution. The
choice of stabilizing ligand is especially important when the
targeted application for the adsorbate-modified AuNPs involves
biological contact. From this perspective, oligo(ethylene
glycol)-terminated ligands have proven to be effective because
they offer good colloidal stability in aqueous systems and low
conjugate toxicity.24

For the present study, we prepared four custom-designed
adsorbates with the goal of enhancing SAM formation and
stability for AuNP systems bearing maleimide-terminated
ligands, which will allow further modification of the AuNP
surfaces. First, we sought to prevent the coupling between the
thiol termini of our adsorbates and the maleimide moiety by
using a thioacetate rather than thiol headgroup. Second, our
strategy to prepare maleimide-terminated AuNPs for facile
attachment of biomolecules avoids the use of toxic metal
catalysts, producing AuNPs with greater biocompatibility than
those prepared using copper-catalyzed click reactions. Third,
we anticipated that AuNPs decorated with adsorbates
containing an oligo(ethylene glycol) (OEG) unit in their
spacer would enhance colloidal stability, not only in aqueous
solution but also in saline. Finally, we also anticipated that
AuNPs capped with bidentate adsorbates would exhibit
enhanced stability against ligand exchange owing to the chelate
effect. The complete set of custom-designed maleimide-
terminated alkanethioacetate prepared for this report is
shown in Figure 1.

The two maleimide-terminated adsorbates having a simple
alkyl spacer are the monothiol S-(15-(2,5-dioxo-2,5-dihydro-
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Figure 1. Structures of maleimide-terminated alkanethioacetate
examined in this study.
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1H-pyrrol-1-yl)pentadecyl)ethanethioate (MM) and the biden-
tate dithiol S,'-((5-((15-(2,5-dioxo0-2,5-dihydro-1H-pyrrol-1-
yl)pentadecyl)oxy)-1,3-phenylene)bis(methylene))diethane-
thioate (BM). Two comparable adsorbates having oxyethylene
moieties in their alkyl spacer were also prepared: the monothiol
S-(6-(2-(2-(2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethoxy)-
ethoxy)ethoxy)hexyl)ethanethioate (MEM) and the bidentate
dithiol S,S’-((5-((6-(2-(2-(2-(2,5-diox0-2,5-dihydro-1H-pyrrol-
1-yl)ethoxy)ethoxy)ethoxy)hexyl)oxy)-1,3-phen-ylene)bis-
(methylene))diethanethioate (BEM). Additionally, a reference
SAM was prepared from octadecanethiol (C18SH).

B EXPERIMENTAL SECTION

Information regarding the materials, procedures, and instrumental
methods used to perform the research reported herein is provided in
the Supporting Information, which also contains 'H and *C NMR
spectra for all custom-designed adsorbates (MM, BM, MEM, and
BEM,; see Figures S1—S8).

B RESULTS AND DISCUSSION

Characterization of SAMs Derived from Maleimide-
Terminated Adsorbates on Flat Gold Surfaces. To
evaluate the efficiency of two common deposition solvents at
forming the new SAMs, evaporated gold slides were immersed
in ethanolic (EtOH) and tetrahydrofuran (THEF) solutions in
vials prepared for each of the adsorbate/solvent combinations.
These slides were incubated for at least 48 h at rt to allow
sufficient time for the solution/substrate systems to equilibrate.
The resultant SAM-coated gold slides were then characterized
by X-ray photoelectron spectroscopy (XPS), ellipsometry,
polarization-modulation infrared reflection—absorption spec-
troscopy (PM-IRRAS), and contact angle goniometry. The
corresponding SAM-coated gold nanoparticles (~15 nm
diameter) were examined by UV—vis spectroscopy.

X-ray Photoelectron Spectroscopy. X-ray photoelectron
spectra provide vital information for the characterization of self-
assembled monolayers. The most fundamental detail for these
films, the elemental composition, can be confirmed by the
position and intensity of the spectral peaks. For thiolate
adsorbates, the binding energies (BEs) of the sulfur atoms can
be used to evaluate the nature and degree of bonding between
the headgroups and gold, while the BE peak areas for the S 2p
orbitals can be used to calculate the relative packing densities of
the adsorbates in these films, provided steps are taken to
ameliorate fluctuations in the intensity of the signals. Therefore,
for our XPS analyses, the Au 4f BE was used, not only to
reference the BE scales for the spectra but also to generate S/
Au ratios to calculate packing densities. The X-ray photo-
electron spectra for the Au 4f region are shown in Figure S9
and are consistent with those found in the literature.®

Figure 2 shows the spectra for all elements other than gold in
the SAMs formed from the thioacetates (and C18SH) prepared
for this study. A prior report by our research group found that
thioacetates experience a loss of the acetyl group during SAM
formation, affording monolayer films with diminished con-
formational order and packin% density when compared to
analogous thiol-derived SAMs.” Given this prior study, we
anticipated that the S 2p spectra for the resulting films would
resemble those of SAMs formed from alkanethiols. Studies have
shown that the S 2p;/, and S 2p,/, BE peaks appear at ~162.0
and ~163.2 eV, respectively, for bound thiolate sulfur.”
Unbound thioacetate, thiol, and disulfide species show peaks
in the range of ~163—166 eV, and oxidized sulfur species show
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Figure 2. X-ray photoelectron spectra of the SAMs derived from the maleimide-terminated alkanethioacetate as compared to that from C18SH for
the (1) S 2p, (2) C 1s, (3) N 1s, and (4) O 1s spectral regions for SAMs formed in (A) EtOH or (B) THF.

peaks at ~169 eV.”"** In plot 1 of Figures 2A and 2B, no
oxidized sulfur species are observed at ~169 eV for all SAMs
prepared in this study using both solvent systems (EtOH and
THF). Peak fitting of the S 2p peaks to resolve bound thiolate
versus unbound thioacetate species reveals that THF is a more
effective solvent than EtOH for preparing SAMs from these
new adsorbates (see Figure S10), with all four thioacetate-
derived SAMs producing higher percentages of bound thiolate
in THF. But this higher percentage failed to translate into
higher packing densities for the adsorbates in the monolayer, as
noted in Table 1. To derive the relative packing densities, we
used the C18SH SAM as a reference system and considered its
adsorbate surface coverage to be 100%, using S/Au ratios to
conduct the calculations; this procedure is described in detail in
the Supporting Information. The data reveal that all four
thioacetate-derived SAMs prepared in EtOH have higher
packing densities than those prepared in THF, which is
consistent with studies of SAM growth in a previous report.”
Furthermore, the dithioacetate-derived SAMs prepared in
EtOH exhibited maximal packing densities, given that the
bidentate adsorbates (BM and BEM) afford SAMs with an
equivalent number of S—Au bonds as the C18SH reference
SAM (i.e., both bidentate SAMs exhibit ~50% packing density).

For the C 1s region, there are significant differences in the
spectra of the various alkanethioacetate-generated SAMs, as
shown in plot 2 of Figures 2A and 2B. The C 1s BE peak
positions for the methylene carbons of the extended alkyl chain
appear at ~284.8, ~284.6, and ~284.4 eV for the SAMs formed
from C18SH, MM, and BM in EtOH, respectively (i.e., for the
SAMs formed from the adsorbates with no OEG linkages). In
contrast, the C 1s BE peaks appear at ~284.7, ~284.4, and
~284.2 eV for the C18SH, MM, and BM SAMs formed in
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Table 1. Ellipsometric Thicknesses, Relative Packing
Densities, and Percentages of Bound Thiolate for SAMs
Derived from C18SH, MM, BM, MEM, and BEM in EtOH
and THF

relative

adsorbate percentage of

packin, bound

ellipsometric thickness (A) density” %%) thiolate” (%)

adsorbate EtOH THF EtOH THF EtOH THF
C18SH 227 £ 0.7 220 £ 03 100 100 99 99
MM 20.1 £ 0.8 174 + 04 84 83 87 92
BM 20.3 + 0.6 179 £ 0.6 49 43 77 81
MEM 202 +£ 0.1 16.7 + 0.8 82 80 85 90
BEM 18.8 + 0.4 15.8 £ 0.5 47 42 80 82

“Prior studies determined that the reproducibility of our adsorbate
packing densities using our XPS instrument and the same data
collection protocols fell within +2%.”” For the relative packing
densities, the C18SH SAM was assumed to be 100% for making
comparisons with the packing densities of the monolayers derived
from other adsorbates. “Percentages of bound thiolate were obtained
from the deconvoluted S 2p spectra. The S/Au ratios for BM and
BEM were divided by a factor of 2 to compare with the data for the
monodentate adsorbates.

THE, respectively. In both solvents, the BEs of the C 1s
carbons shift to slightly lower energies for the BM SAMs
(bidentate adsorbates) as compared to the MM SAMs
(monodentate adsorbates) by ~0.2 eV and also for the MM
SAMs as compared to the C18SH SAMs. Furthermore, this
peak for the SAMs derived from BM and MM is broader than
that from C18SH in both solvents. These small differences in C
Is binding energy are related to the relative coverage of the
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Figure 3. PM-IRRAS spectra of (1) the C—H stretching region and (2) the region from 1050 to 1850 cm™ for the SAMs derived from C18SH, MM,

BM, MEM, and BEM prepared in (A) EtOH and (B) THF.

adsorbates on the substrates and the associated packing
characteristics.”® With regard to the shift in BE to lower
energy, similar trends have been interpreted to arise from the
fact that an emitted C 1s electron can be easily replaced in a
loosely packed assembly of chains because well-packed alkyl
chain assemblies act as good insulators.”’ Based on these
results, more densely packed monolayers appear to be forming
in EtOH than in THF.

The X-ray photoelectron spectra can also be used to confirm
the presence of key structural components within the
monolayer films. The SAMs derived from MEM and BEM
exhibit an additional C 1s peak at ~286 eV that reflects the
presence of the carbons of the ether linkages (C—0—C).*”
Additionally, a minor peak at ~288.5 eV can be seen in the
spectra for all of the thioacetate-derived SAMs, which can be
attributed to the carbonyl carbons of the maleimide moieties.*”
The maleimide tailgroups also generate an N 1s peak at ~400
eV, as shown in plot 3 of Figures 2A and 2B.* These features
in the X-ray photoelectron spectra appear to confirm the
presence of the maleimide tailgroups for all four SAMs. The O
1s peaks at ~532 eV in plot 4 of Figures 2A and 2B exhibit
notable differences between the various monolayers; the
intensities are greater for the monolayers derived from MEM
and BEM, indicating a higher oxygen content as compared to
the SAMs formed from MM and BM. These results can be
rationalized by the fact that MEM and BEM contain OEG
groups in their alkyl spacers.”** Furthermore, even though
BEM possesses more oxygen atoms than MEM in its tailgroup,
it exhibits a less intense O 1s peak—a consequence of the
reduced packing density for this SAM.

Ellipsometry. Table 1 provides the ellipsometric film
thickness data for the SAMs prepared in both EtOH and
THEF. The average thicknesses of the monolayers derived from
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CI18SH in EtOH is 23 A and for THF is 22 A—values that are
consistent with the literature.”*® For all SAMs prepared in
THE, the thicknesses of the SAMs were noticeably less than
those assembled in EtOH, which is plausibly related to a lower
packing density for these films, as also indicated by the XPS
data. For the monolayers formed in each of the deposition
solvents, the four SAMs have film thicknesses that are
statistically equivalent, a result that fails to align with the
differences that would be anticipated from the inclusion of the
aromatic moiety in two of the four adsorbate structures. Lee et
al. also found a statistical equivalence for film thicknesses of a
similarly structured set of SAMs derived from monothiolate and
dithiolate adsorbates.® These results were rationalized by the
fact that the bidentate adsorbate produced a monolayer with a
reduced number of molecules on the gold surface, creating a
situation where the increase in space between the surface chains
was offset by an increase in the tilt of these chains as they are
drawn together by van der Waals forces. Surprisingly, the SAMs
incorporating the OEG moieties in the surface chains (i.e., the
films derived from MEM and BEM) afforded thickness results
similar to those of the SAMs with unmodified alkyl spacers (i.e.,
the films derived from MM and BM). Harder et al. have
explained this circumstance by showing that differences can
exist in the conformational order for SAMS with OEG-
terminated chains, and that such chains can adopt an all-trans
alignment that is enforced by the packing of the SAM assembly,
as cc;rstrasted with the less ordered helical OEG conforma-
tion.”

Polarization Modulation Infrared Reflection—Absorption
Spectroscopy. Surface infrared spectra enable a conformational
analysis of the collective extended alkyl chains of adsorbates
(when such chains are present) and characterization of the
functional groups within the film.”” With regard to the
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Figure 4. Advancing and receding contact angles of SAMs generated from C18SH, MM, BM, MEM, and BEM prepared in (A) EtOH and (B) THF.

alignment of the methylene units of the alkyl chains, the degree
of order for the adsorbates of a SAM has frequently been
evaluated using the peak positions of the C—H vibrations
within the PM-IRRAS spectrum. When the carbons in an alkyl
chain adopt an all-trans alignment (a low-energy conforma-
tion), the band associated with the antisymmetric methylene
C—H stretching vibration (1,°™) shifts to ~2918 em™1%7
Therefore, this band position has been interpreted to indicate
that the chains are mostly immobile, and that the assembly is
crystalline. In contrast, a v,”™ band position of ~2924 cm™
has been associated with alkyl chains that contain a significant
number of gauche alignments (a higher energy conformation),
and the chains are more disordered and liquidlike in
comparison. A similar analysis using ™ can also be
performed.

Plot 1 of Figures 3A and 3B provides the spectra for the
SAMs derived from C18SH, MM, BM, MEM, and BEM. The
band positions of v,“™ for the SAMs containing alkyl chain
segments of 15 methylenes or more (C18SH, MM, and BM)
gave rise to v, positions at 2918, 2922, and 2926 cm”! when
prepared in EtOH as well as at 2919, 2924, and 2928 cm ™
when prepared in THEF, each, respectively. According to these
results, the relative conformational order for the adsorbate
chains in these SAMs is as follows: C18SH > MM > BM.°
SAMs formed in EtOH show a greater degree of order than
those prepared in THF, which is consistent with the packing
densities derived from the XPS data. Unfortunately, the
intensities of the v, bands associated with the shorter alkyl
chain segments (six methylenes) of the SAMs derived with
MEM and BEM are insufficiently strong to allow direct
comparison with the other SAMs or to distinguish them from
the peaks associated with other methylene moieties present in
these monolayers. Additionally, all of the new adsorbates show
a strong C=O0 stretching vibration associated with the imide
carbonyl of the maleimide moieties at ~1708 cm™", as shown in
plot 2 of Figures 3A and 3B.>’ Further, we observe stretching
vibrations for C—O—C of the OEG moieties of MEM and BEM
at ~1130 cm™' and the aromatic C=C bonds for BM and
BEM at ~1600 cm™ in plot 2 of Figures 3A and 3B.**”*
Additionally, the symmetric C—N—C stretch for the maleimide
moieties appears at ~1405 cm™' for all of the thioacetate-
derived monolayers. For the SAM formed from C18SH, the IR
modes in these latter regions were too weak when the spectrum
was displayed at the same scale as the functionalized SAMs.

Contact Angle Measurements. Contact angle goniometry is
a useful method to analyze the interfacial properties and the
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chemical nature and structure of the tailgroups of SAMs. The
advancing contact angle (6,) and receding contact angle (6,)
for water on the SAMs prepared both in EtOH and THF are
shown in Figure 4. Contact angle hysteresis (A = 0, — 6,) also
provides insight into the interfacial properties, especially the
relative roughness or heterogeneity of the interface. Figure 4A
shows the advancing and receding contact angles for water for
the SAMs derived from C18SH, MM, BM, MEM, and BEM
prepared in EtOH; the averages of the measurements were
115°, 78°, 77°, 64°, and 62°, respectively. For the SAM formed
from C18SH, the value of 115° is consistent with that found in
the literature.*’ The value of 6, for water on SAMs derived
from MM also compares well with that found in the literature
for a maleimide-terminated film.** For SAMs derived from MM
and BM in EtOH, the advancing contact angle for water was
~14° higher than the SAMs formed from MEM and BEM in
EtOH, a difference that can be rationalized by the fact that the
MEM and BEM adsorbates include hydrophilic tri(ethylene
glycol)-derived chain segments just below the maleimide
moiety. This increased wetting for the MEM and BEM SAMs
is similarly observed in the data for the SAMs prepared from
THF (Figure 4B); however, the contact angles for the latter
show lower values when compared to the SAMs generated in
EtOH, plausibly because the SAMs prepared in THF are less-
ordered than the SAMs prepared in EtOH. With regard to A6,
large hysteretic values can be interpreted to indicate that the
contacting liquid intercalates into the film—a sign of either
surface roughness and/or interfacial disorder. The hysteresis for
SAMs derived from C18SH is ~10°, which is consistent with
that of alkanethiol-derived SAMs in the literature.”' The
hystereses for SAMs derived from MM, BM, MEM, and BEM
are 9°, 12°, 9°, and 11° when formed in EtOH and 11°, 14°,
14°, and 16° when prepared in THF. The hystereses for the
SAMs prepared in EtOH exhibit relatively low values that are
similar to that obtained for the well-packed and well-ordered
C18SH SAM. Accordingly, it is reasonable to conclude from
the contact angle results that the surfaces of the SAMs prepared
in EtOH present an interface that is better ordered than the
SAMs prepared in THF.

Verification of Terminal Maleimide Species in the
Films: Exposure to Hexachlorocyclopentadiene
(HCCPD). To verify that the maleimide tailgroups retain their
chemical activity once attached to the gold surfaces, we
conducted a Diels—Alder reaction between the MM SAMs and
hexachlorocyclopentadiene (HCCPD; see the Supporting
Information for additional details).* Before conducting the
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Diels—Alder reaction, the initial MM film thickness for the
SAM prepared for this experiment was ~19 A. Notably, the film
thickness for the SAM increased ~4 A after exposure to the 3.6
mM HCCPD solution for 24 h (see Table SS), verifying that
the maleimide reactive site (the alkene bond) remained intact
after film formation. As further verification of the successful
formation of the Diels—Alder adduct, we collected XPS spectra
for the MM SAM before and after exposure to the HCCPD
solution for 24 h. In spectrum 1 of Figure S5A, there are no
peaks for Cl 2p in the XPS spectrum collected before the
Diels—Alder reaction; however, Cl 2p peaks appear in the
spectrum collected after the Diels—Alder reaction (spectrum 2
in Figure SA). In a control experiment, we similarly treated of
the alkyl-terminated SAM formed from octadecanethioacetate
(C18SAc) with HCCPD, which showed no peaks for Cl 2p
(spectrum 3 in Figure SA).

Furthermore, to verify that the Diels—Alder reaction
detected by spectrum 2 of Figure SA occurred between
HCCPD and maleimide rather than a partially hydrolyzed
derivative of latter, we subjected the MM SAMs to conditions
that are known to effect partial hydrolysis of such five-
membered ring systems.*’ The spectra in Figure 5B
demonstrate the absence of chlorine in the SAMs prior to
any Diels—Alder reaction with HCCPD. In contrast, spectrum
1 in Figure SC shows substantial incorporation of chlorine after
treatment with HCCPD solution for 12 h. Notably, spectrum 2
in Figure 5C shows that the partially hydrolyzed SAM was
markedly less reactive toward HCCPD, and further hydrolysis
gives a surface that is nonreactive toward HCCPD (spectrum 3
in Figure Sc). On the basis of these collective data, we conclude
that the maleimide moieties successfully react with HCCPD via
Diels—Alder reaction and are thus chemically viable in the films.

Colloidal Stability Tests: Exposure to Solutions
Containing High lon Content or a Reducing/Displacing
Reagent. Our analysis of the SAMs formed on flat gold from
the series of new maleimide-terminated thioacetates suggests
that these adsorbates are suitable for forming well-ordered
coatings on gold nanoparticles. Achieving long-term colloidal
stability for such nanoparticles is also necessary for the
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development of nanoprobes for biological conditions. There-
fore, we performed colloidal stability tests on AuNPs capped
with each of the new adsorbates in the presence of various
concentrations of NaCl and dithiothreitol (DTT). The AuNPs
dispersed in a solvent can be characterized by UV—vis
spectroscopy, as demonstrated previously.” For such studies,
the particle size, stabilizer, and surrounding medium each
influence the surface plasmon resonance (SPR) bands of the
AuNPs.*® Furthermore, in cases where the gold nanoparticles
aggregate and ultimately precipitate, red-shifting, peak broad-
ening, and a reduction of the intensity of the SPR bands are
commonly observed.*” For our experimental work, we initially
prepared citrate-stabilized AuNPs that were ~15 nm in
diameter, producing the red-hued solution shown in Figure
6A; the preparation of the AuNDPs is detailed in the Supporting
Information. After displacement of citrate with thioacetate, the
solutions with the AuNPs capped with MM and BM exhibited a
change in color, producing a slight purple tint, while the AuNPs
capped with MEM and BEM retained almost the same color as
the citrate-stabilized AuNPs. To compare the stability in
aqueous solution of the AuNPs capped with each of the
adsorbates, we measured the extinction spectra for each of the
AuNPs capped with MM, BM, MEM, and BEM as well as the
citrate-stabilized AuNPs as a control sample. As shown in
Figure 6B, the ~15 nm citrate-stabilized AuNPs show a
maximum peak intensity at 520 nm. However, the AuNPs
capped with MM and BM showed significant red-shifts to 530
and 527 nm, respectively. These results can be compared to
those obtained with the AuNPs coated with MEM, which
exhibited a smaller red-shift at 524 nm. However, the position
of the SPR peak for the AuNPs capped with BEM was located
at 520 nm, which is the same as the citrate-stabilized AuNPs.
According to these results, we conclude that the AuNPs capped
with adsorbates containing OEG moieties (BM and BEM)
appear to exhibit enhanced aggregation resistance compared to
MM because they impart good solubility characteristics to the
particles in water, while the bidentate-capped AuNPs (coated
with MEM and BEM) appear to be effective at stabilizing the
AuNPs by resisting desorption and/or displacement.'”**
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Figure 6. (A) Images of AuNP solutions where the ~15 nm AuNPs have been stabilized with either citrate, MM, BM, MEM, or BEM. (B) UV—vis
spectra of the same AuNP solutions where the ~15 nm AuNPs have been stabilized with either citrate, MM, BM, MEM, or BEM.
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Figure 7. Images of aqueous solutions containing ~15 nm AuNPs capped with MM, BM, MEM, or BEM after 48 h for (A) the NaCl stability test
and (B) the DTT stability test. (Controls are the AuNPs capped with each of the adsorbates without NaCl or DTT present.)

Our initial analysis of the stability of our AuNP systems using solutions can reveal weaknesses for nanoparticle systems in
UV—vis spectroscopy is tempered by the knowledge that the vivo. Figure 7A shows the color changes for the solutions that
shift in the extinction (SPR) band can be influenced by the include the AuNPs capped with MM, BM, MEM, and BEM at
adsorbate coating in contact with the gold nanoparticle the NaCl concentrations listed above the first set of solutions.
surface.”” Therefore, we examined the long-term colloidal The AuNPs capped with OEG-deficient MM and BM exhibited
stability of the AuNPs under extreme conditions such as high the most dramatic color shifts after 48 h (ie., from the pink
ionic content in the solution (NaCl) and high concentrations of color associated with a solution containing 0.01 mM NacCl to
a reducing/displacing reagent (DTT).** High ionic conditions the light black/purple shades seen in the 10 mM NaCl
can influence the solubility of AuNPs in two possible ways. solutions). These color changes for the solutions with the
First, for citrate-stabilized AuNPs, which are electrostatically AuNPs protected by the mostly alkyl coatings were plausibly

stabilized, the Debye screening length will be reduced by caused by aggregation of the AuNPs. However, the AuNPs
adding salt, which will encourage aggregation. Ligand-capped capped with OEG-containing MEM or BEM showed only a

AuNPs can also aggregate owing to a reduction in electrostatic slight change or no change in color even for the 100 mM NaCl
repulsive forces between particles. Second, high ionic solutions. Notably, AuNPs capped with adsorbates that contain
conditions can change the solubility of the adsorbates that OEG moieties in the termini of their alkyl chains have been

are bound to the AuNPs, providing another means of observed to be stable in high ionic strength solutions.”’
promoting aggregation. For our series of AuNPs, the added We also performed the stability test for our AuNPs in a
NaCl increases the likelihood of aggregation for insufficiently variety of aqueous solutions of DTT as determined after 48 h at
protected particles. With regard to DTT, this compound has a concentrations of 0.05, 0.5, S, 50, and 500 mM (see Figure 7B).
high affinity for gold surfaces because it is a dithiol moiety. The solutions with the AuNPs capped with MM changed to a
Accordingly, DTT can plausibly displace long-chain sterically brownish color for the 5 mM sample and appeared to
stabilizing thiol-based adsorbates from the AuNP surfaces in an precipitate for the 500 mM solution. AuNPs capped with
exchange reaction and concomitantly fail to provide steric MEM showed a less intense light red color for the 50 mM
stabilization, which will also lead to particle aggregation. solution but changed to a purple color for the 500 mM sample.
In our study involving ionic strength, we compared colloidal In similar fashion to these results, there were no color changes
stability for aqueous solutions with each of the adsorbate- for the AuNPs capped with BM until exposure with the 50 mM
capped AuNPs using 0.01, 0.1, 1, 10, and 100 mM DTT solution. Importantly, AuNPs coated with BEM exhibited
concentrations of NaClL In general, salt solutions are used for no color change for the 500 mM DTT solution, just a reduction
testing nanoparticles for biological studies because such in intensity. According to this visual analysis, the bidentate
7312 DOI: 10.1021/acs.langmuir.6b01299
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Figure 8. UV—vis spectra of aqueous solutions containing ~15 nm AuNPs capped with either MM, BM, MEM, or BEM after 48 h for (A) the NaCl

stability test and (B) the DTT stability test.

adsorbate-capped AuNPs were highly resistant to concentrated
DTT solutions, as were both AuNP systems that included the
OEG moieties in their tailgroups.

For a more quantitative analysis, Figure 8 shows the UV—vis
spectra for both of the colloidal stability tests: NaCl and DTT.
In plots 1 and 2 of Figure 8A, the AuNPs capped with MM and
BM exhibit red-shifting, broadening, and decreasing intensity of
the SPR band with increasing NaCl concentration. On the
other hand, there appears to be little or no change for the
spectra for the AuNPs capped with MEM and BEM, as shown
in plots 3 and 4 of Figure 8A. These results are consistent with
those shown in Figure 7 and can be rationalized by the fact that
the OEG moieties impart water solubility for the AuNPs that is
not impaired by the charged species in solution. For the DTT
studies, the tests of the AuNPs capped with each of the
adsorbates are shown in Figure 8B. In plots 1 and 3 of Figure
8B, the AuNPs capped with MM and MEM show decreasing
intensity and peak broadening as the concentration of DTT was
increased. The same trend occurs for the BM-capped AuNPs,
but this feature is apparent only for the most concentrated
DTT solution. Notably, the spectra of the BEM-capped AuNPs
were constant even for the 500 mM DTT solution. Based on
these results, it appears that the colloidal stability of the AuNPs
in aqueous solution can best be enhanced by increasing the
number of coordinating bonds to the surface of the AuNPs (i.e.,
using multidentate adsorbates) in combination with the
incorporation of an OEG moiety at or near the termini of
the adsorbate chains.

To help quantify the spectral data, Figures 9A and 9B were
prepared to illustrate the SPR peak shifts as compared to the
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Figure 9. Profiles of the SPR peak shifts (as compared to the control
sample) for ~15 nm AuNPs functionalized with MM, BM, MEM, and
BEM after 48 h of exposure (A) to 0.01, 0.1, 1, 10, and 100 mM
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aqueous solutions of DTT. Dashed lines connecting data points are
included as guides for the eye.
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control samples using the peak position data obtained from the
spectra in Figure 8 (see Tables S3 and S4). From the data for
the NaCl study in Figure 9A, we observed that the AuNPs
capped with adsorbates having no OEG moieties show high
peak shift values because of low water solubility. From the data
for the DTT study in Figure 9B, the bidentate adsorbate-
capped AuNPs exhibit no change in their SPR peak positions
until a concentration of 50 mM. However, at a DTT
concentration of 500 mM, it is apparent that the AuNPs
coated with BEM perform much better than the other AuNP
systems capped with MM, BM, and MEM. According to these
results, the AuNPs capped with BEM are remarkably more
stable under high ionic conditions and when exposed to
concentrated DTT solution.

B CONCLUSIONS

A series of custom-designed maleimide-terminated alkanethioa-
cetates were synthesized to provide a means of modifying gold
nanostructures with maleimide attachment sites without the
complexities typically encountered with thiol-based adsorbates.
The resulting SAMs show that the new adsorbates afford well-
defined monolayers on gold surfaces as characterized by XPS,
PM-IRRAS, ellipsometry, and contact angle goniometry. For
evaporated “flat” gold surfaces, the SAMs exhibited properties
that depended on the deposition solvent used to form the
SAMs, either EtOH or THF. All of the adsorbates yielded
SAMs that exhibited higher packing densities when prepared in
EtOH as compared to THF; however, the use of THF afforded
SAMs with a higher percentage of bound thiolate. When used
to functionalize AuNPs, colloidal stability tests revealed that the
AuNPs capped with MEM and BEM exhibited high colloidal
stability in NaCl solution, which was attributed to the OEG
moieties in the tailgroups of the adsorbates. Additionally, BM-
and BEM-coated AuNPs proved to be highly resistant to ligand
exchange with DTT, which can be rationalized by the chelate
effect for these bidentate adsorbates. Overall, the AuNPs
capped with BEM exhibited better stability characteristics than
the AuNPs capped with MM, BM, and MEM. This report
should aid researchers in the design of nanoparticle-based
systems for diagnostic and/or therapeutic applications that seek
to employ the maleimide group as a conjugation tool.
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