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ABSTRACT: The formation of binary self-assembled monolayers (SAMs) via the
use of ammonium-terminated adsorbates offers an ionic platform for the binding of
oligonucleotides and their subsequent delivery for therapeutic applications. Four
different types of ammonium-terminated adsorbates were used in the present
study: two ammonium-terminated and two trimethylammonium-terminated
dithiols of different chain lengths, which were designed to provide a foundation
for the development of a high-capacity nanoscale loading system for
oligonucleotides. The maximum number of oligonucleotides immobilized on the
surface was achieved by adjusting the ratio of the adsorbates in correlation with the
relative packing density of the SAMs. The techniques of ellipsometry, X-ray
photoelectron spectroscopy, polarization modulation infrared reflection-absorption
spectroscopy, and electrochemical quartz crystal microbalance were used to analyze the SAMs. Analysis of the films revealed an
optimum ratio of 75:25 of the long-chained adsorbate (ammonium-terminated) to the short-chained adsorbate
(trimethylammonium-terminated) for maximum oligonucleotide loading. Further analysis indicated that burying the
trimethylammonium termini into the lower interface of the monolayer provided the highest mass loading of oligonucleotides.
The results presented in this study provide a foundation for the development of a gene-therapy platform when constructed on the
surface of, for example, light-responsive gold nanoparticles or gold nanoshells as photo-triggerable delivery vehicles.
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■ INTRODUCTION

Self-assembled monolayers (SAMs) derived from organosulfur
adsorbates having terminal cationic ammonium groups have
been extensively studied, yielding many practical developments
that include the immobilization of biomolecules,1,2 protein
chips,2,3 and microarrays.4,5 SAMs have become a prominent
integration platform for multiple applications due to their ease
of use and versatility, which allows for their formation on a
variety of metallic substrates (e.g., gold, silver, palladium,
copper, and platinum).6 Furthermore, the immobilization of
adsorbates on selected substrates depends on the nature of the
headgroup (e.g., thiols, silanes, and phosphonates),6,7 which
enables the spontaneous formation of the monolayer via
chemisorption. The adsorbate terminal groups can be tailored
to incorporate a variety of moieties to impart specific
properties to a film; examples of terminal groups that have
significant interactions with biological species such as
proteins,6,8−10 enzymes,6,10 and oligonucleotide base systems
(e.g., microRNA, small interfering RNA, single-stranded DNA,
and double-stranded DNA),6,11,12 include amine, azide, and
carboxylic acids.6,13,14

Oligonucleotides play important roles in applied SAMs
research due to their activity in post-transcriptional regu-
lation.15−17 However, chemical modification of oligonucleo-

tides to induce covalent bonding to substrates can interfere
with the functionality of the oligonucleotide, which can give
rise to off-target effects.18 Furthermore, since dissociation of
oligonucleotides from the SAM surface is a vital step for gene
delivery, covalent bonding renders it difficult to dissociate the
oligonucleotides from the surface, hindering the functional
prevalence of their usage for gene therapy. As an alternative
method, the use of ionic bonds, via the use of charged termini,
to attach oligonucleotides on surfaces can plausibly provide
efficient delivery systems.19 Additionally, the physical adsorp-
tion of oligonucleotides offers ease of dissociation from the
complex through external methods such as pH adjustment20 or
light induction.21 Successful attachment of unmodified
oligonucleotides on charged surfaces, such as ammonium-
and trimethylammonium-terminated SAMs, through ionic
bonds has been demonstrated.21−28 Furthermore, ammo-
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nium-terminated adsorbates can form hydrogen bonds with the
carbonyl group of the nucleotides to the ammonium group of
the SAMs.29 However, the dominant adsorption force is the
electrostatic interaction between the phosphate backbone of
the oligonucleotides and the ammonium group.20,30 Impor-
tantly, we noted previously that the trimethylammonium
termini in these types of SAMs give rise to an increase in the
lateral spacing of the chains, exposing the aliphatic spacer of
the adsorbate and allowing the intercalation of biomolecules
into the film and increase in the loading capacity of
biomolecules on the surface.26

Moreover, SAMs derived from bidentate thiol-based
adsorbates have been shown to generate monolayer films
having loosely packed terminal chains;25,31,32 as such, the use
of binary SAMs enables further capacity to manipulate the
packing density of SAMs on gold for enhanced oligonucleotide
binding.26 While decreasing the chain packing density of SAMs
can allow biomolecules to intercalate into the loosely packed
film, the biomolecules will be only weakly associated with the
chains in the film and can be easily released.26

In an effort to circumvent the aforementioned shortcomings,
we recently demonstrated the use of positively charged
quaternary ammonium binary SAMs for high-capacity loading
of negatively charged oligonucleotides on the surface of the
SAMs (i.e., oligonucleotide immobilization via electrostatic
attraction).26 We envision that such immobilization on Au
nanoparticles or nanoshells will inhibit degradation of the
oligonucleotides by nucleases or lysosomes.33−37 The most
widely accepted endosomal delivery or “escape” mechanism
hypothesizes that the influx of protons through the Vacuolar-
type H+-ATPase (V-ATPase) into the lysosome compartment
initiates the protonation of unprotonated amines.35,36 Proto-
nation then gives rise to a passive influx of chloride ions into
the endosome, which causes osmotic swelling of the endosome
and consequently leads to the release of the nanomaterials into
the cytosol.34,36,38 Given these considerations, we utilize in the
present study four different SAM adsorbates having selectively
distinct chain lengths and an ammonium or trimethylammo-
nium terminal group (see Figure 1): 15-(3,5-bis-

(mercaptomethyl)phenoxy)penta-decan-1-aminium (AM-
C15-DT), 15-(3,5-bis(mercaptomethyl)phenoxy)-N,N,N-tri-
methylpenta-decan-1-aminium (TMA-C15-DT), 6-(3,5-bis-
(mercaptomethyl)phenoxy)hexan-1-aminium (TMA-C6-DT),
and 6-(3,5-bis(mercaptomethyl)phenoxy)-N,N,N-trimethyl-
hexan-1-aminium (AM-C6-DT). We have also included
octadecanethiol (ODT) in the study for generating a standard
SAM for comparison.

Our study explores the composition, structure, and proper-
ties of two series of binary SAMs derived from various solution
ratios of the adsorbates shown in Figure 1. Specifically, the two
series consist of mixtures of the AM-C15-DT and TMA-C6-
DT adsorbates (the “AM Series”) and mixtures of the TMA-
C15-DT and AM-C6-DT adsorbates (the “TMA Series”). We
chose these specific combinations because our initial studies of
TMA-based SAMs found that 50:50 ratios of TMA-C6-DT
and TMA-C15-DT showed the greatest oligonucleotide
binding.26 With this systematic approach, we aim to elucidate
the structural features of the SAMs that have meaningful
impacts on oligonucleotide loading based on the following: (1)
the type of terminal group used (i.e., ammonium-terminated or
trimethylammonium-terminated); (2) the length of the
aliphatic spacer of the adsorbate; and (3) the packing density
of the films. The development and understanding of these
SAMs can provide key insights into further development of
transfection delivery systems in which the covalent bonding
between oligonucleotides and nanoparticles can provide a
platform for sequestering the degradation of oligonucleotides
to prevent degradation and enhance the delivery of the gene
payloads into cells.24

■ EXPERIMENTAL SECTION
The Supporting Information provides a detailed description of the
materials, methods, instrumentation, and synthetic procedures used to
synthesize the adsorbates according to Scheme S1. The Supporting
Information also provides a comprehensive characterization of the
adsorbates [(AM-C15-DT, AM-C6-DT, TMA-C15-DT, and TMA-
C6-DT)] using 1H NMR spectroscopy, 13C NMR spectroscopy, and
high-resolution mass spectrometry (see Figures S1−S4), along with a
description of the material and methods for forming SAMs using
different molar ratios of adsorbates (see Tables S1 and S2). The
conjugation of the SAMs with single-stranded DNA (ssDNA) was
performed as described previously26 and is summarized again briefly
in the Supporting Information.

■ RESULTS AND DISCUSSION
Binary Self-Assembled Monolayer Films Derived

from Various Ratios of Ammonium- and Trimethylam-
monium-Terminated Adsorbates. Measurements of Film
Thickness. Chemisorption of the adsorbates on the gold
substrate was initially verified using ellipsometry to determine
the film thickness. As shown in Table 1, the average

Figure 1. Molecular structures of the ammonium-terminated
adsorbates (AM-C6-DT and AM-C15-DT) and the trimethylammo-
nium-terminated adsorbates (TMA-C6-DT and TMA-C15-DT) used
to generate SAMs.

Table 1. Ellipsometric Thicknesses of SAMs Derived from
ODT, the AM Series (AM-C15-DT/TMA-C6-DT), and the
TMA series (TMA-C15-DT/AM-C6-DT)a

AM series TMA series

adsorbate
film thickness

(Å) adsorbate
film thickness

(Å)

ODT 23 ± 1 ODT 23 ± 1
AM-C15-DT
(1.0)

21 ± 1 TMA-C15-DT
(1.0)

22 ± 1

AM-C15-DT
(0.75)

19 ± 1 TMA-C15-DT
(0.75)

20 ± 1

AM-C15-DT
(0.50)

17 ± 1 TMA-C15-DT
(0.50)

17 ± 1

AM-C15-DT
(0.25)

16 ± 1 TMA-C15-DT
(0.25)

16 ± 1

TMA-C6-DT
(1.0)

14 ± 1 AM-C6-DT (1.0) 13 ± 1

aThe mole fraction of the adsorbate in the solution is denoted inside
the parentheses.
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thicknesses of the single-component SAMs generated from
ODT, AM-C15-DT (1.0), AM-C6-DT (1.0), TMA-C15-DT
(1.0), and TMA-C6-DT (1.0) were 23, 21, 13, 22, and 14 Å,
respectively. The thicknesses of the single-component SAMs
derived from ODT, TMA-C15-DT, and TMA-C6-DT are in
agreement with previously reported values, which lends
credibility to the results obtained from the newly generated
SAMs.26 Furthermore, the single-component SAMs generated
from the ammonium-terminated adsorbates (AM-C15-DT and
AM-C6-DT) exhibited film thicknesses consistent with the
TMA-terminated analogs and other similarly structured
adsorbates.25,39 Notably, the single-component SAMs derived
from the short-chain analogs, AM-C6-DT and TMA-C6-DT,
were thinner by ∼8 Å than their long-chain analogs, AM-C15-
DT and TMA-C15-DT, which can be attributed to the shorter
length of the hydrocarbon chain linking the aromatic ring to
the ammonium or trimethylammonium terminal group,
respectively.
The two-component binary SAMs were generated from

specific ratios of the adsorbates, and the corresponding film
thicknesses are also shown in Table 1. Film thickness values
obtained from the SAMs generated from the AM series AM-
C15-DT (0.75), AM-C15-DT (0.50), and AM-C15-DT
(0.25) mixed with complementary amounts of TMA-C6-DT
were 19, 17, and 16 Å, respectively. Separately, monolayers
generated by mixing the TMA series TMA-C15-DT (0.75),
TMA-C15-DT (0.50), and TMA-C15-DT (0.25) with
complementary amounts of AM-C6-DT exhibited film thick-
ness values of 20, 17, and 16 Å, respectively. These results
show that the thickness of the binary SAMs decreases as the
ratio of the short-chain adsorbates (TMA-C6-DT and AM-C6-
DT) in the AM and TMA series, respectively, is increased.
This decrease in film thickness corresponds to a decrease in the
relative chain packing density in these films, which arises from
the introduction of the shorter adsorbate into the film (vide
infra). Furthermore, it is plausible that the upper interface of
the binary SAMs forms a more disordered film with the
introduction of the shorter adsorbate (i.e., a fluidlike
structure).40 Overall, the obtained thickness values for the

AM series indicate that AM-C15-DT (1.0) > AM-C15-DT
(0.75) > AM-C15-DT (0.50) > AM-C15-DT (0.25) > TMA-
C6-DT (1.0). The thickness values obtained for the TMA
series indicate similar results: TMA-C15-DT (1.0) > TMA-
C15-DT (0.75) > TMA-C15-DT (0.50) > TMA-C15-DT
(0.25) > AM-C6-DT (1.0).

Analysis of the AM and TMA Series by X-ray Photo-
electron Spectroscopy (XPS). X-ray photoelectron spectrosco-
py can provide vital information regarding the elemental
composition of a surface, the oxidation state of the atoms
present within the sample, and the relative packing density of a
SAM.41 All films in the study were analyzed with XPS, and the
high-resolution spectra of the S 2p, C 1s, N 1s, and P 2p
regions are provided in Figure 2 for the AM (Figure 2a) and
TMA (Figure 2b) series. For these studies, the binding energy
of the Au 4f7/2 electrons was adjusted to 84.0 eV in all of the
spectra as a standard for all of the samples (see Figure S5).
The analysis of the C 1s region of the SAMs (Figure 2a1,b1)

shows the presence of C−H carbons at ∼285 eV, while the
protruding shoulder at ∼286 eV and the peak at ∼286.6 eV
correspond to the C−N and C−O carbons, respectively.22,42

Separately, the peak located at ∼403 eV in the N 1s spectra
(Figure 2a2,b2) can be attributed to the nitrogen of the
trimethylammonium termini of the TMA-C15-DT and TMA-
C6-DT adsorbates.22 Additionally, the presence of the
ammonium termini of the AM-C15-DT and AM-C6-DT can
be confirmed by the peaks located at ∼401 and 398 eV in the
N 1s region, which can be attributed to the protonated and
unprotonated amines, respectively.42

The S 2p region (Figure 2a3,b3) shows the presence of
bound thiolates, with the S 2p peak appearing as a doublet, S
2p3/2 and S 2p1/2, at ∼162 eV; for a bound thiolate, the S 2p3/2
peak appears at a binding energy of ∼ 162 eV, while the S 2p1/2
peak appears at 163.2 eV.43−45 Separately, for an unbound
thiol, the S 2p3/2 peak appears at ∼164−165 eV, while an
oxidized sulfur species will produce a S 2p3/2 peak at ∼166−
168 eV.43−45 Further analysis of the S 2p region can provide a
vital insight into the percentage of bound thiol. The amount of
bound thiol on the gold substrate was determined by

Figure 2. XPS spectra of (A) the AM series and (B) the TMA series for the (1) C 1s, (2) N 1s, (3) S 2p, and (4) P 2p regions. The SAMs derived
from ODT are included in both panels for comparison.
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deconvoluting the S 2p peak. For the AM series (Figure S6 and
Table S3), the percentages of bound thiol present in the AM-
C15-DT (1.0), AM-C15-DT (0.75), AM-C15-DT (0.50),
AM-C15-DT (0.25), and TMA-C6-DT (1.0) samples were 46,
44, 40, 34, and 32%, respectively. Comparatively, in the TMA
series (Figure S7 and Table S4), the percentages of bound
thiol present in the TMA-C15-DT (1.0), TMA-C15-DT
(0.75), TMA-C15-DT (0.50), TMA-C15-DT (0.25), and AM-
C6-DT (1.0) samples were 47, 45, 39, 33, and 28%,
respectively. Noticeably, as the concentration of the longer
adsorbate (TMA-C15-DT and AM-C15-DT) was lowered and
the concentration of the shorter adsorbate (TMA-C6-DT and
AM-C6-DT) increased, a decrease in the amount of bound
thiol was observed in both series. Apparent from the data, the
mixed SAMs are composed of adsorbates in which one or both
thiols are bound to the gold substrate. Incomplete binding in
the SAMs is likely driven in part by the large lateral spacing
arising from the bulky ammonium termini.22 Another
contribution to the diminished amount of bound thiol can
be attributed to the weakened van der Waals (vdW)
interactions between the alkyl chains with the introduction
of the shorter component, which leads to SAMs with little or
no interchain stabilization.6

Further analysis of the S 2p region allows for a quantitative
analysis of the packing densities (Tables S3 and S4). In
particular, the integrated areas of the S 2p and Au 4f peaks
have been frequently used to derive sulfur-to-gold (S/Au)
ratios to compare the relative packing density of SAMs.31,46 In
our packing density analysis, the SAMs derived from ODT
were used as a reference (i.e., 100% packing density).
According to our results, in the AM series, AM-C15-DT
(1.0), AM-C15-DT (0.75), AM-C15-DT (0.50), AM-C15-DT
(0.25), and TMA-C6-DT (1.0) exhibited a packing density of
46, 44, 40, 34, and 32%, respectively. Comparatively, in the
TMA series, TMA-C15-DT (1.0), TMA-C15-DT (0.75),
TMA-C15-DT (0.50), TMA-C15-DT (0.25), and AM-C6-DT
(1.0) exhibited a packing density of 47, 45, 39, 33, and 28%,
respectively. The packing density analysis revealed a decreasing
trend as the concentration of the shorter adsorbate was
increased in the mixed SAMs. The decrease in the packing
density within the mixed SAMs can be attributed to the
presence of the sterically demanding ammonium or trimethy-
lammonium terminal group within the monolayer.26 We also
note that the single-component ammonium-terminated SAMs
[AM-C15-DT (1.0) and AM-C6-DT (1.0)] exhibited a
relatively lower packing density compared to the single-
component trimethylammonium-terminated SAMs [TMA-
C15-DT (1.0) and TMA-C6-DT (1.0)], suggesting perhaps
that the ammonium tailgroups and associated water molecules

are more sterically demanding than the more hydrophobic
trimethylammonium tailgroups in these single-component
SAMs. In additional XPS analyses, the P 2p region (Figure
2a4,b4) fails to show any peaks for phosphorus in the samples,
in accordance with the lack of exposure of these surfaces to
oligonucleotides.

Analysis of the AM and TMA Series by Polarization
Modulation Infrared Reflection-Adsorption (PM-IRRAS).
Analysis of the C−H stretching region of a SAM by PM-
IRRAS offers valuable insight into the conformational order of
the film: specifically, the position of the symmetric (ν

s

CH2) and
antisymmetric (νa

CH2) C−H stretches of the methylene units.
The PM-IRRAS spectra for the AM and TMA series are
provided in Figure 3. A well-ordered film with the alkyl chains
in the mostly trans-extended conformation will exhibit a νa

CH2

stretch at 2918 cm−1, with shifts to a higher wavenumber
indicating a disordered film.47,48 The νa

CH2 stretch of the
reference film, ODT, appears at 2918 cm−1 and is in
accordance with the literature.25,31,48 Examination of the
single-component SAMs in both series reveals that the SAM
derived from AM-C15-DT forms a more conformationally
ordered film than the SAM derived from the shorter congener,
AM-C6-DT, with νa

CH2 stretches at 2926 and 2931 cm−1,
respectively. A similar trend is observed in the TMA series,
where the SAM derived from TMA-C15-DT has a higher
degree of conformational order than the SAM derived from
TMA-C6-DT, with νa

CH2 stretches at 2926 and 2932 cm−1,
respectively.26

In the AM series, the addition of TMA-C6-DT into the film
produced a more disordered surface when compared to the
single-component AM-C15-DT SAM. Additionally, there is a
systematic decrease in the conformational order of the films in
the AM series as the concentration of TMA-C6-DT is
increased, as shown in Figure 3a. The νa

CH2 values for the
AM-C15-DT (0.75), AM-C15-DT (0.50), and AM-C15-DT
(0.25) SAMs show a systematic decrease in the conformational
order of the film with values of 2927, 2928, and 2929 cm−1,
respectively. Similarly, in the TMA series, the degree of
conformational order of the mixed SAMs decreased as the
concentration of the AM-C6-DT adsorbate was increased
(Figure 3b); the νa

CH2 values for TMA-C15-DT (0.75), TMA-
C15-DT (0.50), and TMA-C15-DT (0.25) were 2927, 2928,
and 2930 cm−1, respectively. It is likely that the introduction of
the shorter adsorbates in both series disrupts interchain vdW
interactions, leading to gauche defects in the long-chain
adsorbates (AM-C15-DT and TMA-C15-DT) of the mixed
SAMs. In addition, the longer chain spacers likely form
fluidlike structures in these SAMs, with the long alkyl chains
either twisted or lying somewhat parallel to the surface.40

Figure 3. PM-IRRAS spectra of the C−H stretching region for the (a) AM series and (b) TMA series. The reference SAM derived from ODT is
included in both panels for comparison.
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Oligonucleotide Conjugation on Binary SAMs De-
rived from Ammonium and Trimethylammonium
Bidentate Adsorbates. Oligonucleotide Conjugation:
Analysis of Film Thickness. To probe the conjugation of
oligonucleotides, the thicknesses of the SAMs were obtained
before and after incubation with single-stranded DNA as
described previously.26 The results in Table 2 show that the

thicknesses of the SAMs increase after conjugation with the
oligonucleotides, except for the film generated from ODT. In
contrast to the ODT SAMs, the SAMs derived from the
ammonium-terminated and/or trimethylammonium-termi-
nated adsorbates provide a platform for the electrostatic
interaction with the phosphate backbones of the oligonucleo-
tides. After incubation, the increase in film thickness of the AM
series was 4, 8, 5, 3, and 2 Å for AM-C15-DT (1.00), AM-
C15-DT (0.75), AM-C15-DT (0.50), AM-C15-DT (0.25),
and TMA-C6-DT (1.0), respectively. Separately, for the TMA
series, the increase in film thickness after incubation with
oligonucleotides was 4, 8, 6, 5, and 2 Å for TMA-C15-DT
(1.0), TMA-C15-DT (0.75), TMA-C15-DT (0.50), TMA-
C15-DT (0.25), and AM-C6-DT (1.0), respectively. Notably,
the highest change in thickness was observed for the 75:25
molar ratio in both the AM and TMA series (8 Å), with the
other concentrations exhibiting smaller increases in thick-
nesses. The incorporation of the shorter TMA-C6-DT and
AM-C6-DT adsorbates into the AM and TMA series,
respectively, likely forms a densely packed molecular layer
near the gold surface and a loosely packed upper layer,
allowing the oligonucleotides to intercalate into the SAMs.
Further quantitative analysis in the following sections provides
additional insight into the performance of both of the mixed
SAM series.
Oligonucleotide Conjugation: Analysis by XPS. We used

XPS to provide a more detailed understanding of oligonucleo-
tide immobilization on the surface of the binary SAMs after
incubation with oligonucleotides.41,49 Spectra were obtained in
the C 1s, N 1s, and P 2p regions to probe for the presence of
signature peaks characteristic of the oligonucleotides. The XPS
spectra for the AM and TMA series after incubation with the

oligonucleotides are shown in Figure 4. The C 1s region
(Figure 4a1,b1) indicates the presence of the C−O, C−N, and

C−C species at ∼286.6, ∼286, and 285 eV, respectively,
consistent with the molecular composition of the adsorbates in
these SAMs. Analysis of the N 1s region of both SAM series
(Figure 4a2,b2) exhibits a new peak in the ∼398−401 eV
region, compared to the original spectra shown in Figure 2,
except for the ODT SAM. The appearance of this peak is
indicative of the nitrogen present in the purine and pyrimidine
of the nitrogenous bases of single-stranded DNA.41 Further,
probing of the P 2p region revealed a peak at ∼134 eV (Figure
4a3,b3) for both the AM and TMA series originating from the
phosphate backbones of the oligonucleotides.41 Moreover, the
lack of signature oligonucleotide peaks in the XPS spectra of
the SAM derived from ODT validates the ability of the charged
terminal species in the AM and TMA SAMs to provide a
binding platform for electrostatic interactions between the
positively charged ammonium tailgroups and the negatively
charged phosphate backbones of the oligonucleotides.
To analyze in greater detail the degree of conjugation

between the SAMs and the oligonucleotides, the P/Au ratios
were determined and are shown in Table S5. For the AM
series, the P/Au ratio decreases in the following order: AM-
C15-DT (0.75) > AM-C15-DT (0.50) > AM-C15-DT (1.0) >
AM-C15-DT (0.25) > TMA-C6-DT (1.0). For the TMA
series, the P/Au ratio decreases as follows: TMA-C15-DT
(0.75) > TMA-C15-DT (0.50) > TMA-C15-DT (0.25) >
TMA-C15-DT (1.0) > AM-C6-DT (1.0). The trends observed
in the P/Au ratios are in congruence with the changes in
thickness observed for the respective SAMs after incubation
with the oligonucleotides. Taking the thickness data as well as
the P/Au ratios, the binary SAMs derived from AM-C15-DT
(0.75) and TMA-C15-DT (0.75) exhibited the greatest
amount of oligonucleotide conjugation. To quantify the
amount of conjugated oligonucleotides, the AM-C15-DT
(0.75) and TMA-C15-DT (0.75) SAMs and the correspond-

Table 2. Film Thickness Measurements for SAMs Derived
from ODT, the AM Series (AM-C15-DT/TMA-C6-DT),
and the TMA Series (TMA-C15-DT/AM-C6-DT) After
Conjugation with Oligonucleotidesa

after conjugation with
oligonucleotide AM series

after conjugation with oligonucleotide
TMA series

adsorbate Tb(Å)
ΔTc
(Å) adsorbate Tb(Å)

ΔTc
(Å)

ODT 23 ± 1 ODT 23 ± 1
AM-C15-DT
(1.0)

25 ± 1 4 TMA-C15-DT
(1.0)

26 ± 1 4

AM-C15-DT
(0.75)

27 ± 1 8 TMA-C15-DT
(0.75)

28 ± 1 8

AM-C15-DT
(0.50)

21 ± 1 5 TMA-C15-DT
(0.50)

23 ± 1 6

AM-C15-DT
(0.25)

19 ± 1 3 TMA-C15-DT
(0.25)

21 ± 1 5

TMA-C6-DT
(1.0)

16 ± 1 2 AM-C6-DT
(1.0)

15 ± 1 2

aThe solution mole fraction of the adsorbate is denoted inside the
parentheses. bT indicates film thickness after conjugation with
oligonucleotides. cΔT indicates the difference between film
thicknesses before and after conjugation with oligonucleotides.

Figure 4. XPS spectra of the (A) AM series and (B) TMA series after
incubation with oligonucleotides in the (1) C 1s, (2) N 2p, and (3) P
2p regions. SAMs derived from ODT are included in both panels for
comparison.
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ing single-component SAMs were further analyzed by EQCM
as described below.
Oligonucleotide Conjugation: Mass Loading Analysis by

Electrochemical Quartz Crystal Microbalance (EQCM).
Analysis by electrochemical quartz crystal microbalance
(EQCM) was performed to quantify the amount of
oligonucleotides present within and/or on the monolayer
surfaces. The generated SAMs were analyzed by EQCM both
prior to and after conjugation with the oligonucleotides. Initial
studies focused on the mass change associated with SAM
formation, where the changes in frequency shown in Figure S8
and the changes in mass shown in Figure S9 were determined
using the Sauerbrey equation (eq 1)50,51

−Δ = × ΔF C Mf (1)

Here, ΔF denotes the difference in the frequency of the bare
QCM crystal before and after SAM formation. The sensitivity
of the crystal is represented by Cf, 226 μg−1 cm−2, which is
provided by the manufacturer of the QCM crystal. Once the
SAMs were formed, we used the same methodology to
determine the amounts of surface-immobilized oligonucleo-
tides, where ΔF corresponds to the change in frequency of the
SAM before and after incubation with the oligonucleotides
(see Figure S10). The corresponding amount (μg) of
immobilized oligonucleotides is shown in Figure 5a,b. In the
AM series, the amounts of oligonucleotides were observed to
decrease as follows: AM-C15-DT (0.75) > AM-C15-DT (1.0)
> TMA-C6-DT (1.0), with mass values of 1.82, 0.37, and 0.32
μg, respectively. Similarly, the amounts of oligonucleotides
determined for the TMA series were observed to decrease as
follows: TMA-C15-DT (0.75) > TMA-C15-DT (1.0) > AM-
C6-DT (1.0), with mass values of 1.65, 0.34, and 0.30 μg,
respectively. The mass changes based on the EQCM data are
consistent with the P 2p/Au 4f results (see Table S5). It is
important to note that the AM-C15-DT (0.75) SAMs and the
TMA-C15-DT (0.75) SAMs exhibited the highest oligonu-
cleotide surface loading capacity out of the two series. This
result likely arises from having the sterically bulky ammonium
termini of the TMA-C6-DT and AM-C6-DT adsorbates
buried close to the surface of gold in these binary SAMs,
which can plausibly give rise to large positively charged cavities
for oligonucleotide binding.
With regard to our previous studies of oligonucleotide

loading, SAMs derived from the mixtures of bidentate
adsorbates bearing trimethylammonium and triethylammo-
nium termini exhibited a higher loading capacity than the
surfaces examined here (i.e., a maximum of 2.15 μg/cm2 for
the previous SAMs vs a maximum of 1.82 μg/cm2 for the
current SAMs).26 Interestingly, studies of similarly structured
SAMs characterized by contact angle measurements using the

polar protic solvent water showed that ammonium-terminated
SAMs exhibit higher surface tension than quaternary
ammonium-terminated SAMs;23,24 however, the fact that the
oligonucleotide loadings in Figure 5a are parallel to those in
Figure 5b suggests that any differences in electrostatic
repulsion and/or hydrogen bonding within the ammonium
and trimethylammonium headgroups are insignificant when it
comes to oligonucleotide loading. In contrast, when compared
to our previous study,26 the maximum oligonucleotide binding
occurred with SAMs that were more loosely packed than those
in the present study (i.e., 36 vs 44% chain packing density,
respectively, relative to n-octadecanethiol SAMs), which
emphasizes the important role of loose chain packing enabled
by our bidentate adsorbates for oligonucleotide delivery.

■ CONCLUSIONS

Two series of binary SAMs composed of ammonium and
trimethylammonium-terminated bidentate adsorbates were
studied in an effort to develop a high-capacity nanoscale
platform for the loading and delivery of oligonucleotides. The
effect of burying the ammonium or trimethylammonium
moiety into the film was examined by introducing a short-
chain adsorbate, TMA-C6-DT in the AM series and AM-C6-
DT in the TMA series, into SAMs comprising complementary
long-chain adsorbates. By systematically adjusting the concen-
tration of the shorter adsorbate in both series, we were able to
determine the ideal composition corresponding to the
maximum amount of oligonucleotide loading. Analysis of the
SAMs by ellipsometry, PM-IRRAS, XPS, and EQCM revealed
that the 75:25 ratio (75% long adsorbate, 25% short adsorbate)
gave the maximum amount of oligonucleotide loading in both
the AM and TMA series. These studies lay the groundwork for
designing light-triggerable Au nanoparticle-based delivery
vehicles for gene therapy that can elude the degradation of
oligonucleotides.
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Figure 5. Mass loadings of oligonucleotides for (a) the AM series and (b) the TMA series.
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