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ABSTRACT: The exposure of quaternary ammonium groups
on surfaces allows self-assembled monolayers (SAMs) to serve
as architectural platforms for immobilizing oligonucleotides.
The current study describes the preparation of SAMs derived
from four unique bidentate adsorbates containing two
different ammonium termini (i.e., trimethyl- and triethyl-)
and comparison to their monodentate analogs. Our studies
found that SAMs derived from the bidentate adsorbates
offered considerable enhancements in oligonucleotide binding
when compared to SAMs derived from their monodentate
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analogs. The generated SAMs were analyzed using ellipsometry, X-ray photoelectron spectroscopy, contact angle goniometry,
polarization modulation infrared reflection-absorption spectroscopy, and electrochemical quartz crystal microbalance. These
analyses showed that the immobilization of oligonucleotides was affected by changes in the terminal functionalities and the
relative packing densities of the monolayers. In efforts to enhance further the immobilization of oligonucleotides on these SAM
surfaces, we explored the use of adsorbates having aliphatic linkers with systematically varying chain lengths to form binary
SAMs on gold. Mixed monolayers with 50:50 ratios of adsorbates showed the greatest oligonucleotide binding. These studies
lay the groundwork for oligonucleotide delivery using gold-based nanoparticles and nanoshells.
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B INTRODUCTION

The functionalization of surfaces with charged coatings
constitutes a well-established strategy to tailor the interactions
between surfaces and various types of contacting matter. For
example, surfaces functionalized with zwitterionic termini often
serve as foul-resistant surfaces.'”® Furthermore, amino-
terminated surfaces can be used to bind molecules of DNA
for sensing and therapeutic applications.” ® Self-assembled
monolayers (SAMs) provide a prominent architectural plat-
form for designing functionalized surfaces; the resultant
organic thin films are formed via the spontaneous adsorption
of amphiphilic molecules on the surfaces of a variety of coinage
metals (e.g,, copper, gold, palladium, and silver).” A specific
class of SAMs consists of adsorbates containing a sulfur
headgroup chemisorbed on gold surfaces due to the high
affinity of sulfur to gold.”® Furthermore, the formed films on
the substrate can provide an appropriate platform for the
exposure and utilization of the terminal functional group
(tailgroup) of the SAM. This methodology allows for a variety
of terminal functional groups (e.g, amine,*™° carboxylic
acid,"""? and thiol"®) to form a framework that allows for the
direct fixation of ligands (e.g., nucleotides and proteins) via
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post-modification of the SAMs."*™"” Thus, the outcome allows
for further advancement and development in a variety of
applications, such as microarrays,'® protein chips,'”*° colori-
metric sensors,”’ and biosensors.**

The formation of SAMs possessing ammonium termini has
been explored for the purpose of generating surfaces for
biological applications via electrostatic interactions with
biomolecules.”” The ammonium terminal group introduces a
polar and charged functionality that allows biomolecules to
interact electrostatically and bind onto the surface.”’™>*
However, many of the targeted applications involving
ammonium-terminated SAMs have been hindered due to: (i)
the oxidation of the terminal amine groups,26 (ii) the
susceptibility of the ammonium groups to changes in the pH
of the environment,”® and (iii) the interaction between amine
moieties and the surface of the gold.26 In contrast, the use of
quaternary ammonium termini can often circumvent these
problems; however, the incorporation of quaternary ammo-
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nium termini in organic thin films has led to increases in the
lateral spacing of the terminal groups, which exposes the
underlying aliphatic spacer,”” giving rise to additional degrees
of freedom for aliphatic chain movement within the SAMs.
The enhanced terminal group spacing and chain mobility
within these SAMs provide a means for the intercalation of
molecules into the monolayer structure.”® Moreover, these
characteristics allow for the formation of low-density SAMs
with diminished hydrophobicity for the intercalation of
biomolecules.*®

In this report, we describe the synthesis of two series of
quaternary ammonium-terminated adsorbates, one having the
customary monodentate headgroup and the other having a
unique bidentate headgroup (Figure 1), for generating films
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Figure 1. Molecular structures of the adsorbates used to generate
methyl-terminated SAMs (C15-MT and C15-DT) and their
trialkylammonium-terminated counterparts (TMA-C15-MT, TEA-
C15-MT, TMA-C6-DT, TMA-C15-DT, and TEA-C15-DT).

with enhanced stability.”” The three monodentate adsorbates
contain either trimethylammonium termini (1S5-mercapto-
N,N,N-trimethylpentadecan-1-ammonium; TMA-C15-MT)
or triethylammonium termini (N,N,N-triethyl-15-mercapto-
pentadecan-1-ammonium; TEA-C15-MT) and octadecane-
thiol (ODT) as a standard. This series of adsorbates allows a
direct comparison between the bidentate adsorbates contain-
ing the trimethylamine-terminated 15-(3,5-bis-
(mercaptomethyl)phenoxy)-N,N,N-trimethylpentadecan-1-
ammonium (TMA-C15-DT) and 6-(3,5-bis-
(mercaptomethyl)phenoxy)-N,N,N-trimethylhexan-1-ammo-
nium (TMA-C6-DT), as well as the triethylamine-terminated
15-(3,5-bis(mercaptomethyl)phenoxy)-N,N,N-triethylpentade-
can-l-ammonium (TEA-C15-DT) and the standard (5-
(pentadecyloxy)-1,3-phenylene)dimethanethiol (C15-DT).
Herein, we investigate (1) the effects of increasing the lateral
spacing of the terminal groups, (2) the effects of enhanced film

40891

stability, and (3) the effect of these phenomena on the
nucleotide loading capacity on the surfaces. These studies
provide the foundation for therapeutic oligonucleotide delivery

. . 17,30—32 33-35
using gold-based nanoparticles and nanoshells,
where the latter nanostructures can be activated by tissue-
transparent near-infrared light.***°

B RESULTS AND DISCUSSION

Single-Component Self-Assembled Monolayer Films.
Measurements of Film Thickness. Analysis of the films using
ellipsometry provides an assessment on the film thickness
following the chemisorgtion and equilibration of the adsorbate
on the gold substrate.””” Table 1 shows the measured film

Table 1. Ellipsometric Thicknesses, Relative Packing
Densities, and Bound Sulfur Contents of the SAMs Formed
from Each Adsorbate

ellipsometric relative packing percentage of

adsorbate thickness (A) density (%) bound sulfur (%)

oDT 23 +1 100 100

C15-MT 19+2 97 +2 98 + 1
TMA-C15-MT 18 +1 86 + 3 97 +1
TEA-C15-MT 19+1 74 + 6 89 + 4
C15-DT 20+ 1 49 +2 85+3
TMA-C15-DT 22+ 1 47 £2 82+ 3
TEA-C15-DT 23+1 44 +2 80 +3

thicknesses for the SAMs derived from ODT, C15-MT, TMA-
C15-MT, TEA-C15-MT, C15-DT, TMA-C15-DT, and TEA-
C15-DT; for reference, we calculated the lengths of the
adsorbates in their trans-extended conformations (see Figures
Sla,b in the Supporting Information). Monolayers generated
from ODT, C15-MT, and TMA-C15-MT have thicknesses of
23, 19, and 18 A, respectively. These results are comparable to
the thicknesses of structurally related monodentate SAMs
studied previously.””*” Similarly, films derived from TEA-C15-
MT show an average thickness of 19 A, where the negligible
increase perhaps reflects the additional methylene units in the
ammonium tailgroup compared to SAMs derived from TMA-
C15-MT. In comparison, the bidentate SAM derived from
C15-DT has a thickness of 20 A, which is similar to the
previously reported value,” while those derived from TMA-
C15-DT and TEA-C15-DT have thicknesses of 22 and 23 A,
respectively. The latter observed increase in thickness can be
rationalized by the added size increase of the bulky ammonium
termini. While charge—charge repulsion between the quater-
nary ammonium-terminated adsorbates can plausibly inhibit
the packing densities (and correspondingly diminish the
measured thicknesses), our obtained thickness values appear
to be unaffected by this interaction. The similar measure of
ellipsometric thicknesses for the charged surfaces and the non-
charged surfaces can be attributed to both the strong covalent
S—Au binding of the adsorbates to the surface of gold and the
existence of a hydration layer for the charged surfaces; notably,
the existence of a hydration layer for charged SAMs on gold
has been described in the literature.*’

Analysis of the SAMs by X-ray Photoelectron Spectros-
copy (XPS). Analysis of the SAMs by XPS provides essential
information on the chemical composition and oxidation state
of various elements that make up organic layers. Figure 2
shows the XPS spectra of the binding energy regions for the S
2p, Br 3d, N 1s, and C 1s core electrons in the SAMs.
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Figure 2. XPS spectra for the (a) trimethylammonium-terminated SAMs (TMA-C15-MT and TMA-C15-DT) and (b) the triethylammonium-
terminated SAMs (TEA-C15-MT and TEA-C15-DT) for the (1) S 2p, (2) Br 3d, (3) N 1s, and (4) C 1s regions. The SAMs generated from the
methyl-terminated adsorbates (ODT, C15-MT, and C15-DT) are included in both panels for comparison.

Separately, the binding energy regions of the Au 4f, , electrons,
which are used as a reference for calibrating the XPS signal
intensities, are shown in Figures S2a,b.

Analysis of the S 2p region (Figures 2al,bl) for the SAMs
reveals peaks associated with bound thiols corresponding to
the S 2p;/, and S 2p,, electrons at ~162 and ~163 eV,
The absence of peaks at ~164—16S5 eV and ~168 eV, which
correspond to unbound thiol and oxidized sulfur species,
confirms that the majority of the thiols are bound to the gold
surface.””*' Moreover, to calculate the amount of bound thiol
on the substrates (given in Table 1 and shown in parentheses
here), deconvolutions of the S 2p peaks (Figures S3 and S4)
were performed for the SAMs derived from ODT (100%),
C15-MT (98%), TMA-CS-DT (97%), TEA-C15-DT (89%),
C15-DT (85%), TMA-C15-DT (82%), and TEA-C15-DT
(80%).

The Br 3d signals (Figures 2a2,b2) convey spin—orbit
splitting for the SAMs derived from TMA-C15-MT, TEA-
C15-MT, TMA-C15-DT, and TEA-C15-DT with character-
istic binding energies for the 3d;,, electrons (68.9, 68.7, 68.5,
and 68.8 eV, respectively) and 3d;, electrons (67.9, 67.7, 67.6,
and 67.7, respectively).”” The presence of the bromine peaks
can be attributed to the counterions present in the quaternary
ammonium-terminated SAMs (TMA-C15-MT, TEA-C15-
MT, TMA-C15-DT, and TEA-C15-DT), which is consistent
with the synthetic approach used to prepare the adsorbates.
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Similarly, the presence of the N 1s signal at ~403 eV in Figures
2a3,b3 can be attributed to the ammonium groups in these
SAMs.”” In addition, the O 1s peak at ~5332.5 eV, shown in
Figure SS, for the bidentate SAMs derived from C15-DT,
TMA-C15-DT, and TEA-C15-DT can be attributed to their
phenoxy framework. Notably, O 1s peaks at a lower binding
energy (~531.5 eV) were also detected in the SAMs derived
from the monodentate quaternary ammonium-terminated
adsorbates, TMA-C15-MT and TEA-C15-MT, but not
found in the SAMs derived from ODT and C15-MT. These
O 1s peaks plausibly arose from a hydration layer on the
surface of the quaternary ammonium-terminated SAMs.*
The dominating peak in the C 1s region (Figures 2a4,b4) is
that corresponding to the methylene carbons at ~285 eV.”’
The protruding shoulder at ~286 eV, which is only present in
the quaternary ammonium-terminated SAMs, corresponds to
the C—N group.”” Furthermore, the C—O carbon, present in
the bidentate SAMs, exhibits a peak at ~286.6 eV."** We
performed a more quantitative analysis to determine the
relative packing densities of these adsorbates by obtaining the
sulfur-to-gold (S/Au) ratios from the XPS spectra. For our
analysis, ODT was used as a reference SAM. SAMs generated
from ODT on Au(111) surfaces have been reported to form
well-ordered and densely packed films with a ( \/ 3 X \/ 3)R30°
overlayer, which when characterizing films generated from new
adsorbates serves as an excellent point of reference.”**”**

DOI: 10.1021/acsami.8b12244
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The analysis was performed with the assumptions that (1)
ODT forms a well-ordered and densely packed SAM on gold
and (2) ODT SAMs possess 100% bound thiols. The
calculated ratios are displayed in Table 1. The adsorbates
exhibited packing densities of 97, 86, 74, 49, 47, and 44% for
C15-MT, TMA-C15-MT, TEA-C15-MT, C15-DT, TMA-
C15-DT, and TEA-C15-DT, respectively. The lower packing
density of the SAMs generated from the quaternary
ammonjum-terminated adsorbates, compared to the non-
charged analogs, can perhaps be attributed to repulsive
charge—charge interactions between the quaternary ammo-
nium termini.

Wettability of the SAMs. The wettability of the surfaces was
probed with the polar protic solvent water. Surfaces that
exhibit an advancing contact angle measurement lower than
90° are generally considered wettable surfaces, with those
having a higher contact angle being non-wettable.”” Figure 3
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Figure 3. Advancing contact angles of water on the SAMs generated
from ODT, C15-MT, TMA-C15-MT, TEA-C15-MT, C15-DT,
TMA-C15-DT, and TEA-C15-DT. Error bars that are not visible
fall within the symbol.

and Table S1 show the advancing contact angles of water for
all of the SAMs. The contact angles obtained for the
monodentate methyl-terminated SAMs, ODT and C15-MT,
were 115° in accordance with the literature values.***
Compared to the monodentate analogs, the bidentate
methyl-terminated SAM, C15-DT, showed a lower advancing
contact angle of 109°, which is consistent with a film having
chains that are less densely packed, exposing some fraction of
methylene groups at the interface.

The SAMs derived from the monodentate ammonium-
terminated SAMs, TMA-C15-MT and TEA-C15-MT, have
lower contact angle values at 51 and 45°, respectively, than the
corresponding methyl-terminated SAMs, ODT and C15-MT.
The lower values can be attributed to the presence of the
hydrophilic ammonium terminal group in these SAMs."*’
Moreover, the contact angles of the SAM derived from TMA-
C15-MT were found to be slightly higher than those on the
SAM derived from TEA-C15-MT. This observation can be
attributed to the increased steric bulk of the triethylammonium
vs the trimethylammonium at the SAM—Iliquid interface. The
larger terminal group plausibly decreases the packing density of

the film and correspondingly increases the wettability, an
observation also supported by the XPS analysis (vide supra).

Comparatively, the SAMs derived from the bidentate
adsorbates, TMA-C15-DT and TEA-C15-DT, showed lower
contact angles than the corresponding methyl-terminated
adsorbate, C15-DT, with values of 37° and 30°, respectively.
Similar to the monodentate SAMs, the wettability of the
triethylammonium-terminated SAM 1is greater than the
trimethylammonium-terminated SAM. The triethylammo-
nium-terminated SAM derived from the bidentate adsorbate,
TEA-C15-DT, showed a lower contact angle value than the
corresponding trimethylammonium-terminated analog, TMA-
C15-DT. As previously discussed, and supported by the
calculated packing densities, the steric bulk of the triethy-
lammonium group plausibly causes a decrease in the packing
density of the films, which makes them more wettable. Overall,
the data obtained from the contact angles of water indicate that
the wettability of the SAMs follows the order of: ODT = C15-
MT > C15-DT > TMA-C15-MT > TEA-C15-MT > TMA-
C15-DT > TEA-C15-DT.

Analysis of the SAMs by Polarization Modulation Infrared
Reflection-Absorption Spectroscopy (PM-IRRAS). To evaluate
the conformational order of the SAMs, we performed an
analysis of the symmetric (v,°™) and antisymmetric (2,°%)
C—H stretching of the methylene units using PM-IRRAS.”*'
The conformational order of a film can be estimated by the
position of the latter two bands.”" Films with a 2, at 2918
cm™ are indicative of a mostly trans-extended alkyl chain, a
key characteristic of a well-ordered film, whereas a shift to a
higher wavenumber indicates a film with diminished conforma-
tional order.”’ The PM-IRRAS spectra of the C—H stretching
region for the SAMs are shown in Figure S6. The v, for the
SAMs derived from ODT and C15-MT appeared at 2918
cm™!, indicating a well-ordered film. Furthermore, the position
of the v,™ of the SAMs derived from TMA-C15-MT, TEA-
C15-MT, C15-DT, TMA-C15-DT, and TEA-C15-DT
appeared at 2922, 2923, 2926, 2926, and 2927 cm},
respectively. In this aspect, all quaternary ammonium-
terminated SAMs (TMA-C15-MT, TEA-C15-MT, TMA-
C15-DT, and TEA-C15-DT) and the SAM derived from the
methyl-terminated dithiol (C15-DT) showed disorder in the
alkyl chains, with the bidentate quaternary ammonium SAMs
showing the greatest degree of disorder. The disorder in the
films can be attributed to the formation of a loosely packed
SAM due to the sterically bulky terminal groups.

We note also that the C—H stretches originating from the
CH; group of the quaternary ammonium SAMs (TMA-C15-
MT, TEA-C15-MT, TMA-C15-DT, and TEA-C15-DT) and
the C15-DT SAM are either very weak or undetectable in the
spectra. The absence of methyl C—H stretches can be
attributed to the orientation of the transition dipole moment
(TDM) arising from the stretches and the surface selection
rules that govern the PM-IRRAS technique.”” The disorder
introduced into the films by the headgroup architecture and
the quaternary ammonium groups can plausibly cause the
methyl moieties to adopt an orientation in which the TDM lies
parallel to the metal surface, leading to a peak that is not
detectable. It is also worth noting that the v,“" peak positions
of the SAMs derived from the bidentate adsorbates C15-DT,
TEA-C15-DT, and TMA-C15-DT were very similar (~2926
cm™') to each other and are higher than the position of the
v,“M peaks of the monodentate SAMs. This observation can
be rationalized by the lower packing density of the bidentate
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Figure 4. XPS spectra for the (A) trimethylammonium-terminated SAMs (TMA-C15-MT and TMA-C15-DT) and (B) triethylammonium-
terminated SAMs (TEA-C15-MT and TEA-C15-DT) for the (1) C 1s, (2) P 2p, and (3) N Is regions. The SAMs generated from the methyl-
terminated adsorbates (ODT, C15-MT, and C15-DT) are included in both panels for comparison.

adsorbates compared to the monodentate ammonium-
terminated adsorbates. Overall, the PM-IRRAS data indicate
that the conformational order of the films decreases as follows:
ODT = C15-MT > TMA-C15-MT > TEA-C15-MT > C15-
DT = TMA-C15-DT > TEA-C15-DT.

Quartz Crystal Microbalance Studies of SAM Formation.
To measure the amount of adsorbate chemisorbed onto the
substrate, electrochemical quartz crystal microbalance
(eQCM) was used. The change in frequency (Hz) was
measured, and the mass (ug) was calculated using the
Sauerbrey equation (eq 1)>*

Af=—=C; X Am (1)

In this equation, Af denotes the change in the frequency of the
formed adsorbate minus the initial frequency collected from
the bare QCM without the SAM. The term C; represents the
sensitivity of the crystal, 226 pg/cm? which is provided by the
manufacturer. The changes in the frequencies of the TMA-
C15-MT, TEA-C15-MT, TMA-C15-DT, and TEA-C15-DT
SAMs are presented in Figure S7a, and the calculated masses
derived from the Sauerbrey equation are presented in Figure
S7b. The masses calculated from the data suggest that TMA-
C15-MT has the largest mass per unit area (0.47 ug/cm?)
among the quaternary ammonium-terminated SAMs. Further-
more, for the monodentate adsorbates, the adsorbate with the
larger tailgroup, TEA-C15-MT, showed a lower value than did
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TMA-C15-MT (0.44 vs 0.47 pg/cm®). Comparatively, the
calculated masses obtained from the bidentate TEA-C15-DT
and TMA-C15-DT SAMs (0.38 vs 0.43 ug/cm?, respectively)
show a similar trend. Overall, with regard to the amount of
adsorbate present on the surface, the analysis indicates the
following trend: TMA-C15-MT > TEA-C15-MT > TMA-
C15-DT > TEA-C15-DT, which is consistent with the XPS
results (vide supra). Overall, the amount of adsorbate
determined from the eQCM data, the packing density analysis,
and the conformational order of the films suggest that both the
quaternary ammonium terminal group and the adsorbate
headgroup influence the structural properties of the films.
Immobilization of Oligonucleotides on Single-Com-
ponent SAMs. Immobilization of Oligonucleotides: Anal-
ysis of Film Thickness. The thickness measurements of the
films before and after the conjugation of the oligonucleotides
are presented in Table S2. The changes in film thickness
determined by ellipsometry were used as a guide to determine
whether the oligonucleotide bound to the surface. For the
methyl-terminated SAMs, ODT, C15-MT, and C15-DT, there
was no change in the thickness upon incubation with the
oligonucleotide, as expected for hydrocarbon-terminated
surfaces. On the other hand, the SAMs derived from the
quaternary ammonium-terminated adsorbates TMA-C15-MT,
TEA-C15-MT, TMA-C15-DT, and TEA-C15-DT each
exhibited a 4 A increase in thicknesses upon conjugation
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TMA-C15-DT, and TEA-C15-DT.

with the oligonucleotide. This increase in thickness can be
attributed to electrostatic interactions between the quaternary
ammonium group and the phosphate backbone of the
oligonucleotide.””>> Based on this result and the packing
density analysis above, we propose that the increase in
thickness is due to the intercalation of the oligonucleotides
into the cavities formed by the bulky charged adsorbates.””

Immobilization of Oligonucleotides: Analysis by XPS. To
probe for the presence of the oligonucleotides, the SAMs were
examined for peaks characteristic of the phosphate backbone
and the nitrogenous bases. The XPS spectra for the P 2p, C Is,
and N 1s regions for the SAMs after the immobilization of the
oligonucleotides are presented in Figure 4. The P 2p;/,
photoelectron of the phosphate backbone has been reported
as having a binding energy of ~133 eV.>*"” Furthermore, the
nitrogen atoms in nitrogenous bases exhibit a characteristic N
1s peak at ~400 eV, while the C—N carbon in the C 1s region
is located at ~286 eV (Figures 4al,b1).>®

Notably, the methyl-terminated SAMs derived from ODT,
C15-MT, and C15-DT exhibited no peaks characteristic of the
oligonucleotides in their XPS spectra, which is consistent with
the ellipsometry studies and with the inability of the
oligonucleotides to interact electrostatically with the terminal
group of these SAMs. In contrast, the SAMs derived from
TMA-C15-MT, TEA-C15-MT, TMA-C15-DT, and TEA-
C15-DT showed phosphorus originating from the oligonucleo-
tide phosphate backbone at ~133 eV (Figures 4a2,a2).
Furthermore, the presence of the amide heterocycles (purine
and pyrimidine) in the oligonucleotides was confirmed by the
appearance of a new peak at ~400 eV in the N 1s region
(Figures 4a3,b3). Overall, the XPS studies argue that
oligonucleotide immobilization was successfully achieved due
to electrostatic interactions between the phosphate backbone
and the charged terminal groups of the ammonium-terminated
SAMs, consistent with the ellipsometry results.

Immobilization of Oligonucleotides: Analysis by Quartz
Crystal Microbalance. Information obtained from QCM offers
valuable insight into the loading capability of the SAMs derived
from the monothiols (TMA-C15-MT and TEA-C15-MT) and
the dithiols (TMA-C15-DT and TEA-C15-DT). The
oligonucleotide masses on the SAM surfaces (see Figure Sa)
were calculated from the QCM measurements, which were
determined from the difference in the frequency of the samples
prior to and after immobilization of the oligonucleotides using
the Sauerbrey equation. The oligonucleotide masses per unit
area for the monodenatate SAMs derived from TMA-C15-MT

and TEA-C15-MT were found to be 0.25 and 0.22 pg/cm?,
respectively, while those for the bidentate SAMs derived from
TMA-C15-DT and TEA-C15-DT were found to be 0.32 and
0.30 pg/cm?, respectively (see Figure Sb). The greater mass
loading for the bidentate SAMs compared to the monodentate
SAMs can plausibly arise from the loose packing densities of
the bidentate films, which facilitates oligonucleotide inter-
calation into these SAMs. In this respect, SAMs derived from
TMA-C15-DT showed the greatest mass loading per cm’
when compared to all other single-component surfaces studied.
Based on this data set, we inferred that the ideal surface needed
to maximize oligonucleotide immobilization should have a
bidentate headgroup architecture and a relatively small
positively charged tailgroup. To create such surfaces, we
explored the use of mixed adsorbate systems (vide infra).

Mixed SAMs Derived from Selected Ratios of TMA-
C15-DT and TMA-C6-DT. In efforts to maximize the
immobilization of oligonucleotides on the SAMs, we designed
and synthesized a shorter alkyl chain derivative of TMA-C15-
DT, TMA-C6-DT, to use in the formation of mixed SAMs.
Binary mixed SAMs containing a mixture of short and long
alkyl chain adsorbates have been shown to exhibit the
following features and abilities: (1) diminished packing
densities compared to single-adsorbate films, (2) diminished
steric hindrance between terminal groups during the
immobilization of biomolecules,” and (3) enhanced immobi-
lization of oligonucleotides.””*° We formed mixed SAMs on
gold using systematically selected ratios of TMA-C15-DT and
TMA-C6-DT. We set forth to determine: (1) the correlation
between the amount of TMA-C6-DT and TMA-C15-DT and
the packing density of the film, and (2) the ideal
concentrations of TMA-C15-DT and TMA-C6-DT to
immobilize the maximum possible amount of oligonucleotides
onto these surfaces. The mixed SAM surfaces were analyzed
using the techniques of ellipsometry, XPS, eQCM, and PM-
IRRAS both prior to and after immobilization of the
oligonucleotides.

Mixed Bidentate SAMs: Measurements of Film Thickness.
The ellipsometry data for the SAMs generated from mixtures
of TMA-C15-DT and TMA-C6-DT are given in Table 2. For
clarity, the mole fraction of the adsorbate in solution for each
of the mixed SAMs is denoted in parentheses. Monolayers
generated from TMA-C15-DT (1.0), TMA-C15-DT (0.75),
TMA-C15-DT (0.50), TMA-C15-DT (0.25), and TMA-C6-
DT (1.0) have film thicknesses of 22, 20, 18, 16, and 15 A,
respectively. The data in Table 2 show a systematic decrease in

40895 DOI: 10.1021/acsami.8b12244

ACS Appl. Mater. Interfaces 2018, 10, 40890—40900


http://dx.doi.org/10.1021/acsami.8b12244

ACS Applied Materials & Interfaces

Research Article

Table 2. Ellipsometric Thicknesses, Relative Packing
Densities, and Bound Sulfur Contents of Mixed SAMs
Formed Using Systematically Varying Ratios of Adsorbates

ellipsometric relative percentage of
film thickness packin; bound sulfur
adsorbate (A) density (%) (%)

oDT 23 +1 100 100
TMA-C15-DT (1.0) 2+ 1 47 £2 82 + 4
TMA-C15-DT (0.75) 20 + 1 38 +3 76 + 1
TMA-C15-DT (0.50) 18 + 1 36+ 1 66 + 1
TMA-C15-DT (0.25) 16 + 1 35 +£2 60 + 2
TMA-C6-DT (1.0) 15+1 32+1 58+3

the film thickness as the content of TMA-C6-DT increases,
which is consistent with the shortening of the length of the
alkyl spacer (i.e., from 15 CH, groups for TMA-C15-DT to 6
CH, groups for TMA-C6-DT). In the mixed SAMs with
greater amounts of TMA-C6-DT, it is plausible that the lower
portion of the films is densely packed, leaving the TMA-C15-
DT in the top portion of the film to be loosely packed and
disordered, with a more fluidlike structure.*®

Mixed Bidentate SAMs: Analysis by XPS. The chemical
compositions of the mixed SAMs are depicted in Figure 6,
which shows the XPS spectra for the Br 3d, S 2p, C 1s, and N
1s regions. Separately, the binding energy region of the Au
4f,, electrons, which are used as a reference for calibrating the
XPS signal intensities, is shown in Figure S8. All samples
tested, with the exception of ODT, showed characteristic peaks
for the Br 3d;, and Br 3ds,, photoelectrons at binding
energies of ~68 and ~67 eV, respectively, and N 1s electrons
characteristic of the trialkyammonium group at ~403 eV.”” As
the amount of TMA-C15-DT was systematically decreased in
the mixture, there was a corresponding reduction in the
intensity of the Br 3d peaks and an increase in intensity for a
new peak at ~197 eV for Cl 2p, in accordance with the
systematic introduction of TMA-C6-DT, whose counterion
was Cl (see Figure S9). As illustrated by Figure S9, the
detection of chloride ions by XPS at low concentrations in
SAMs is challenging.®’

The incorporation of the shorter TMA-C6-DT adsorbate
into the mixed SAM can also be gleaned from the gradual

decrease in intensity of the methylene carbons in the C 1s
region. The methylene spacer for TMA-C6-DT, being shorter
than that for TMA-C15-DT, is responsible for the gradual
decrease. Analysis of the S 2p region, including the
deconvolution of the S 2p peaks (see Figure S10), can be
used to determine the amounts of bound and unbound thiol in
the mixed SAMs, which are given in Table 2 and are consistent
with the results obtained from the studies of the single-
component monolayers.””*""** Furthermore, the relative
packing densities for the mixed SAMs can be determined as
described above and are reported in Table 2. The packing
densities decrease in the following order: ODT > TMA-C15-
DT (1.0) > TMA-C15-DT (0.75) > TMA-C15-DT (0.50) >
TMA-C15-DT (0.25) > TMA-C6-DT (1.0), where the trend
is consistent with decreasing interchain van der Waals (vdW)
interactions within the film as TMA-C15-DT is replaced by
TMA-C6-DT.

Mixed Bidentate SAMs: Analysis by PM-IRRAS. To evaluate
the conformational order of the mixed SAMs, all surfaces were
analyzed with PM-IRRAS. The PM-IRRAS spectra obtained in
the C—H stretching region are shown in Figure S11. Apparent
from the progressive shift of the 2, peak of the mixed SAMs
to higher wavenumbers as the amount of TMA-C6-DT was
increased, the introduction of TMA-C6-DT into the TMA-
C15-DT SAM leads to a decrease in the conformational order
of the alkyl chains in the films. The introduction of the shorter
alkyl chains of TMA-C6-DT plausibly disrupts the stabilizing
interchain van der Waals (vdW) interactions within the film
derived from TMA-C15-DT.

Mixed Bidentate SAMs: Mass Loading Analysis by eQCM.
To evaluate further the chemisorption of the mixed SAM
adsorbates onto the surface of gold, eQCM was used to
monitor the adsorption process. The change in frequency and
the mass per unit area of the crystals, derived from the
Sauerbrey equation, are presented in Figure 7. The decrease
observed in the frequency of the eQCM analysis as TMA-C6-
DT is introduced into the film reflects an overall decrease in
the adsorbate mass, which is consistent with the smaller mass
of TMA-C6-DT compared to that of TMA-C15-DT.
Specifically, the amount of adsorbate per unit area for TMA-
C15-DT (1.0), TMA-C15-DT (0.75), TMA-C15-DT (0.50),

(a) Br3d (b) S 2p (c)C1s (d)N1s
obT
v"—.\— oDT oDT
TMA-C15-DT (1.0) opT
- ~ | ™™MA-C15-DT (1 - __|™a-c15-D7(1.0)
] 3 3 3
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& £ £ | TMA-C15-DT (0.75) £
s TACRR) & | ™aA-C15-DT (0. 8 & | TMA-c15-DT (0.50
£ £ £ | ™MA-C15-DT(0.50) £
TMA-C15-DT (0.25) /o s
WACASDT 0. TMA-C15-DT (0.25) ™\ WN
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Figure 6. XPS spectra of the mixed SAMs composed of various ratios of TMA-C15-DT and TMA-C6-DT in the (a) Br 3d, (b) S 2p, (c) C 1s, and

(d) N Is regions. SAMs generated from ODT are included as a reference.
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TMA-C15-DT (0.25), and TMA-C6-DT (1.0) indicates a
decreasing adsorbate mass as the ratio of TMA-C6-DT is
increased, with mass loading values of 0.43, 0.41, 3.9, 0.31, and
0.28 pug/cm? for TMA-C15-DT (1.0), TMA-C15-DT (0.75),
TMA-C15-DT (0.50), TMA-C15-DT (0.25), and TMA-C6-
DT (1.0), respectively. Importantly, the values for the mixed
SAMs fall between those of the homologous SAMs, which is
consistent with a mixture of the two adsorbates.
Immobilization of Oligonucleotides on SAMs Derived
from Mixtures of TMA-C15-DT and TMA-C6-DT. Analysis
of Film Thickness. Before and after the immobilization of the
oligonucleotides, the film thicknesses for the SAMs derived
from TMA-C15-DT (1.0), TMA-C15-DT (0.75), TMA-C15-
DT (0.50), TMA-C15-DT (0.25), and TMA-C6-DT (1.0)
were measured and are reported in Table 3. The corresponding

Table 3. Ellipsometric Thicknesses of Mixed SAMs Formed
Using Various Ratios of Adsorbates Prior to and after the
Addition of Oligonucleotides

before after difference

adsorbate conjugation (A)  conjugation (A) (A)
OoDT 23 +1 — —
TMA-C15-DT (1.0) 2+1 26+ 1 4
TMA-C15-DT (0.75) 20 + 1 25+ 1 s
TMA-C15-DT (0.50) 18+ 1 26 + 1 8
TMA-C15-DT (0.25) 16 + 1 2+ 1 6
TMA-C6-DT (1.0) 15+1 17 £ 1 2

differences in film thickness after conjugation were 4, S, 8, 6,
and 2 A, respectively (see Table 3). Based on the data
obtained, the TMA-C15-DT (0.50) surface displayed the most
ideal packing density to allow maximum amount of
intercalation of oligonucleotides into the interior of the
SAMs. Apparent from the data, there is a delicate balance
between chain length and packing density/order in construct-
ing the ideal surface. On the densely packed, conformationally
ordered TMA-C15-DT SAMs, there is no void space to
accommodate the intercalating oligonucleotides. Similarly, for
the short (thin) TMA-C6-DT SAMs, there is little or no void
space to accommodate the intercalating oligonucleotides. In
contrast, the mixed SAMs (and particularly for TMA-C15-DT
(0.50), where the mixture is roughly 50:50) offer loose packing
and void space to accommodate the intercalating oligonucleo-
tides.

Immobilization of Oligonucleotides on Mixed Bidentate
SAMs: Analysis by XPS. The SAMs were analyzed by XPS after
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the immobilization of the oligonucleotides to evaluate
immobilization by focusing the analysis in the P 2p, C 1s,
and N Is regions (Figure 8). After the incubation of the
oligonucleotides with the SAMs, the presence of a peak in the
P 2p region (Figure 8a) at ~133 eV was found in all
quaternary ammonium-terminated SAMs. Specifically, the
phosphorous photoelectrons originate from the phosphate
backbone of the oligonucleotides, which joins the 3’ and §’
carbon of the nucleotides via a phosphodiester bond.> The
charged phosphate backbone allows for an electrostatic
interaction between the quaternary ammonium termini of
the SAMs and the oligonucleotides. The C—N carbons of the
nitrogenous bases were also found at ~286 eV; correspond-
ingly, analysis of the N Is region (Figure 8c) also confirms the
presence of the nitrogenous bases with a broad peak at ~400
eV corresponding to the heterocyclic structure (purine and
pyrimidine) found in the nucleic acid sequence.””' Further
analysis of the C 1s region (Figure 8b) confirms the presence
of the SAM architecture with the methylene carbons at ~285
eV and the C—O carbon at 286.6 eV.”**

Immobilization of Oligonucleotides on Mixed Bidentate
SAMs: Mass Loading Analysis by eQCM. The relationship
between the packing density of the mixed TMA-C15-DT and
TMA-C6-DT SAMs and the immobilization of the oligonu-
cleotide was explored by calculating the mass of oligonucleo-
tide on the surface using eQCM. The change in frequency of
the SAMs after immobilization with the oligonucleotides,
shown in Figure 9a, was used to obtain the mass of the
oligonucleotides by using the Sauerbrey equation. The mass
values obtained for the SAMs derived from TMA-C15-DT
(1.0), TMA-C15-DT (0.75), TMA-C15-DT (0.50), TMA-
C15-DT (0.25), and TMA-C6-DT (1.0) are shown in Figure
9b and are as follows: 0.32, 1.44, 2.1S5, 1.14, and 0.39 ﬂg/cmz,
respectively. Based on the mass loading analysis, the 50:50
mixture of TMA-C15-DT and TMA-C6-DT gave the
maximum number of conjugated oligonucleotides. The overall
loading of oligonucleotides determined from the eQCM data
decreases as follows: TMA-C15-DT (0.50) > TMA-C15-DT
(0.75) > TMA-C15-DT (1.0) > TMA-C15-DT (0.25) >
TMA-C6-DT (1.0). Based on these results, the heterogeneous
SAMs, particularly those derived from a 50:50 molar fraction
ratio of TMA-C15-DT to TMA-C6-DT, appear to bind the
greatest amount of oligonucleotides on their surfaces. As noted
above, these mixed SAMs offer the most loosely packed chains
and the greatest void space to accommodate the intercalating
oligonucleotides.
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B CONCLUSIONS

Six unique thiol-based adsorbates, each possessing a quaternary
ammonium terminal group, were successfully synthesized and
used to generate SAMs on gold for the immobilization of
oligonucleotides. The chemical composition of the SAMs was
evaluated by XPS, revealing a diminished tailgroup packing
density for the quaternary ammonium-terminated SAMs when
compared to their methyl-terminated analogs. The immobili-
zation of the oligonucleotides was verified by XPS and
quantified with eQCM. The detection of phosphorus from
the phosphate backbone of the oligonucleotides as well as the
carbon and nitrogen from the nucleic acids confirmed the
presence of the immobilized oligonucleotides. Furthermore,
the headgroup architecture and the size of the quaternary
ammonium group of the adsorbate were found to influence the
loading capability of the SAMs. The diminished packing
densities afforded by the bulky bidentate headgroup of the
quaternary ammonium-terminated SAMs allow for the
intercalation of the oligonucleotide into the interspace of the
SAMs. To maximize the amount of oligonucleotides
immobilized onto these types of surfaces, mixed SAMs
composed of various ratios of long-chain TMA-C15-DT and
a shorter analog, TMA-C6-DT, were used to generate films
with loosely packed tailgroups (and thus maximum void space
for oligonucleotide immobilization). Our studies found that a
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50:50 mixture of TMA-C15-DT and TMA-C6-DT formed the
ideal surface for an approximately 10-fold increase in the
loading capability of these types of surfaces (i.e., 0.25 ug/cm®
for the single-component SAM derived from TMA-C15-DT vs
2.15 pg/cm® for the mixed SAM). The ideal conditions
outlined above for maximum oligonucleotide immobilization
open new avenues for future studies and therapeutic
applications involving SAMs derived from 50:50 mixtures of
TMA-C15-DT and TMA-C6-DT on gold nanoparticles and
nanoshells for oligonucleotide delivery.

B EXPERIMENTAL SECTION

A detailed description regarding the materials, methods, instrumenta-
tion, and synthetic procedures is provided in the Supporting
Information. Comprehensive characterization of the adsorbates
[(TMA-C15-MT, TEA-C15-MT, C15-DT, TMA-C15-DT, TMA-
C6-DT, and TEA-C15-DT)] using '"H NMR spectroscopy, *C NMR
spectroscopy, and liquid chromatography—mass spectrometry is
presented in the Supporting Information (Figures S12—S23).
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Additional XPS spectra, experimental parameters,
eQCM, comprehensive synthetic procedures, and
characterization ('H and 3C NMR spectra) for all
molecules (TMA-C15-MT, TEA-C15-MT, C15-DT,
TMA-C6-DT, TMA-C15-DT, and TEA-C15-DT) can
be obtained (PDF)
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