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Abstract
A tetrafluorophenyl (TFP) ester-terminated self-assembled monolayer (SAM) for the fabrication of
DNA arrays on gold surfaces is described. Activated ester SAMs are desirable for biomolecule array
fabrication because they readily react with amine-containing molecules to form a stable amide
linkage. N-hydroxysuccinimide (NHS) ester SAMs are commonly used for this purpose but are
subject to a competing hydrolysis side reaction, limiting their effectiveness under basic conditions.
TFP was evaluated here as an alternative activated ester leaving group with a potentially greater
stability under basic conditions. It is shown that TFP SAMs are much more stable to basic pH than
their NHS analogs and are also more hydrophobic, which is an advantage in the fabrication of high
density spotted arrays. DNA arrays prepared on TFP SAMs at pH 10 have a five-fold greater surface
density of DNA molecules, reduced fluorescence background, and smaller spot radii than those
prepared on NHS SAM analogs.

Introduction
Multi-component biomolecule arrays have become an essential tool for efficiently screening
large numbers of bio affinity interactions in a parallel and multiplexed format. For example,
DNA arrays have been used to detect the presence and identity of single nucleotide
polymorphisms,1–4 to discover sequence-specific binding proteins,5, 6 and to monitor gene
expression on a genome-wide scale.7 Array-based formats, composed of many physically
distinct features, have proven compatible with a wide variety of detection modalities including:
fluorescence,1 surface plasmon resonance,8–10 electrochemical methods,11 and matrix-
assisted laser desorption/ionization mass spectrometry (MALDI-MS).12, 13

The fabrication of an array begins with the selection of a suitable substrate and attachment
chemistry. An ideal substrate should provide a stable interface under a variety of reaction
conditions, support a variety of chemical functionalities to effectively attach the biomolecules
of interest, and be reproducibly fabricated. Glass,1, 14, 15 silicon,16–18 diamond and glassy
carbon,19–21 amorphous carbon,22 and gold8, 23–27 have each demonstrated their ability to
support the fabrication of biomolecule arrays. Gold surfaces have been of particular interest
due to their ability to be readily functionalized with thiol-containing organic molecules through
the formation of self-assembled monolayers (SAMs).28 Gold substrates are also currently the
only substrate that can be monitored with all four of the detection techniques listed above.

Biomolecules have been attached to gold SAMs through both electrostatic29 and covalent23,
30–32 interactions. A covalent interaction is preferred because it ensures the biomolecules are
coupled to the surface and are not desorbed during preparation and analysis. The covalent
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attachment of oligonucleotides to a SAM requires chemical modification. Typically, the
oligonucleotides are modified with either a 3′- or 5′-terminal thiol or primary amine, using a
variety of commercially available phosphoramidite reagents.

Amine-terminated SAMs can be reacted with a heterobifunctional linker such as
sulfosuccinimidyl 4-(N-maleimidomethyl cyclohexane)-1-carboxylate (SSMCC) to create a
maleimide-terminated surface, which readily reacts with free thiol groups.8 A maleimide-
terminated SAM for the direct coupling of thiol-containing biomolecules has also been
synthesized and evaluated,33 and a thiol-disulfide exchange reaction has been employed to
couple thiol-containing biomolecules to a pyridyl disulfide-modified surface.24 For efficient
coupling to these surfaces the biomolecules must contain reduced thiol groups. In the case of
thiol-terminated oligonucleotides, each oligonucleotide sequence of interest must be reduced
with either dithiothreitol (DTT) or tris (2-carboxyethyl) phosphine hydrochloride (TCEP·HCl)
and then purified with reverse-phase HPLC. This process is required just prior to the surface-
coupling reaction, due to reformation of disulfide bonds over time.

The coupling of amine-containing biomolecules, such as amine-terminated oligonucleotides,
provides a simpler means for preparing arrays because deprotection and purification just prior
to use is not required. Succinimide ester-terminated SAMs are commonly used for the direct
coupling of amine-containing biomolecules to surfaces.31, 32, 34 While this coupling reaction
is straightforward, the N-hydroxysuccinimide (NHS) functional group has been shown to be
highly prone to base hydrolysis both in solution and on the surface.35, 36 This is an issue as
basic conditions are required in the coupling reaction to ensure that the amine groups (pKa ≈
10 for a primary alkyl amine) are deprotonated and available for reaction. An aldehyde-
terminated SAM was prepared by Peelen and has been used in the coupling of amine-containing
oligonucleotides,23 proteins, and cells.34 The aldehyde functional group is not susceptible to
base hydrolysis, allowing for use at elevated pH conditions. These surfaces, however, require
an additional reduction step to form an irreversible secondary amine from the Schiff base
(imine) formed between the aldehyde and amine groups. To maximize the conversion of Schiff
base to amine the coupling reaction is carried out under dry conditions, producing features with
a non-uniform, “coffee ring,” appearance.37

An ideal means for the coupling of amine-containing biomolecules to a surface would combine
the one-step amide bond formation of NHS esters and the resistance to base hydrolysis of an
aldehyde. Fluorinated phenyl esters provide a chemical functionality that readily reacts with
amines, in a one-step reaction, to form amide linkages. These esters have been used as an
alternative activating group in solid-phase peptide synthesis.38–40 Kovacs showed that
pentafluorophenyl esters ability to readily react with amine groups offer a superior alternative
to the traditional, base-labile 9-fluorenylmethylcarbonyl (Fmoc).38 Recently, a
tetrafluorophenyl ester-modified dye molecule has demonstrated a lower susceptibility to base
hydrolysis than its NHS analog.41, 42

In the present work dithiobis(2,3,5,6 tetrafluorophenyl undecanoate, Figure 1) (henceforth
referred to as TFP) was synthesized and evaluated as a reagent for the preparation of an amine
reactive SAM surface. The coupling efficiency of amine-modified oligonucleotides was
compared, as a function of pH, for aldehyde-, NHS-, and TFP-terminated SAMs. The coupling
efficiency of thiol-modified oligonucleotides to a maleimide-terminated SAM was also
compared, as a function of pH. While the thiol-maleimide coupling was independent of pH,
the aldehyde- and TFP-terminated SAMs showed increasing oligonucleotide density with
increasing pH. The NHS surface also generally showed increased oligonucleotide density with
increasing pH; however, at high pH (10), the competing base-catalyzed hydrolysis reaction
significantly decreases the coupling density (Figure 2). It is shown that the TFP surface is less
susceptible to this reaction, exhibiting a 10-fold increase in half-life under pH 10 coupling
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conditions. In addition, a comparison of the NHS and TFP surfaces shows lower average
background fluorescence backgrounds and smaller spot radii for the TFP surface at each pH
examined.

Experimental Section
Reagents and Materials

Gold-coated, glass slides (20Å Cr, 500Å Au) were purchased from Evaporated Metal Films
Co. (Ithaca, NY). All chemical reagents were purchased from Sigma-Aldrich (St. Louis, MO)
unless otherwise noted.

Oligonucleotides
The oligonucleotides used in these experiments (Table 1) were synthesized by Integrated DNA
Technologies (Coralville, IA) using standard phosphoramidite chemistries. Surface-bound
probe oligonucleotides were modified with either a 3′-thiol (C3 S-S) or 3′-primary amine
(3AmM) separated from the oligonucleotide sequence of interest with fifteen thymidine (dT)
residues. Thiol modifications allow for the covalent attachment of the probe oligonucleotides
to a maleimide-terminated surface while the amino modifications react with aldehyde-, NHS-
and TFP-terminated surfaces. The fifteen dT spacer provides sufficient distance between the
surface and the oligonucleotide sequence of interest to ensure optimal hybridization.1
Complementary oligonucleotides to probe 1 and probe 2 were synthesized with a 3′ 6-
carboxyfluorescein moiety (Table 1).

All 3′-thiol modified oligonucleotides were deprotected and purified using previously reported
methods.8 Each oligonucleotide was deprotected for 30 minutes in 20 μL of 100mM
dithiothreitol (DTT) solution (100mM triethanolamine (TEA), pH 7.0) and purified by reverse-
phase, binary gradient elution HPLC (SCL-10ADVP Shimadzu; Columbia, MD). Purified
oligonucleotides were stored dry, under nitrogen at −20°C until needed. Upon use, each
oligonucleotide was reconstituted in the appropriate buffer (see below). Amino-terminated
oligonucleotides were also purified with reverse-phase HPLC, reconstituted in the appropriate
buffer, and stored at −20°C until needed. All oligonucleotide concentrations were determined
by absorption measurements at 260nm (HP8453 UVVIS; Santa Clara, CA).

Synthesis of dithiobis(2,3,5,6 tetrafluorophenyl undecanoate)
The synthesis of dithiobis(2,3,5,6 tetrafluorophenyl undecanoate) was carried out in two steps
(Figure 1): (1) the formation of dithiobis(undecanoic acid) from mercaptoundecanoic acid and
(2) the formation of the tetrafluorophenyl ester from the dithiobis(undecanoic acid).

First, 1.0g of mercaptoundecanoic acid was placed into 15mL of anhydrous DMF and chilled
on ice. A 0.60mol equivalent of bromine (0.14mL) was added drop-wise and the reaction stirred
for 3 hours on ice. The formation of the dithiobis(undecanoic acid) was monitored via TLC
(9:1 hexanes:ethyl acetate on neutral silica). The solvent was removed and the product washed
with a saturated sodium bisulfite solution to remove any unreacted bromine. Upon filtering
and drying, 0.97g of a white solid was obtained (97% yield). 1H NMR (CDCl3) δ: 2.56 (t, 2H),
2.32 (t, 2H), 1.54 (m, 4H), 1.41 (m, 2H), 1.40–1.25 (m, 10H).

Next, 0.80g of the dithiobis(undecanoic acid) was dissolved in 15mL of anhydrous DMF under
nitrogen, and placed on ice. An excess of 2,3,5,6 tetrafluorophenol (1.1 mole equivalent, 0.66g)
was dissolved in anhydrous DMF and added. To the mixture, 1.1 mole equivalents (0.91mL)
of the diisopropyl carbodiimide was added drop-wise and allowed to stir on ice for 12hrs.
Reaction progress was monitored with TLC (9:1 hexanes:ethyl acetate on neutral silica). Upon
completion the reaction was filtered, the solvent removed, and the solid purified via column
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chromatography using the TLC conditions. Upon drying, 0.73g of dithiobis(2,3,5,6
tetrafluorophenyl undecanoate) was obtained (56 % yield). 1H NMR (CDCl3) δ: 6.46 (m, 1H),
2.56 (t, 2H), 2.33 (t, 2H), 1.54 (m, 4H), 1.41 (m, 2H), 1.40–1.25 (m, 10H). HRMS (ESI) for
C34H42F8O4S2 (M+H+) m/z 731.2475, found 731.2478.

Coupling of Amine-Modified Oligonucleotides
Gold-coated slides were modified with SAMs by placing the slides in 1–10mM ethanolic
solutions of the molecule of interest for 12 hours. NHS-terminated SAMs were prepared with
dithiobis(succinimidyl undecanoate) purchased from Dojindo (Gaithersburg, MD). TFP-
terminated SAMs were prepared with newly synthesized dithiobis(2,3,5,6 tetrafluorophenyl
undecanoate). Aldehyde-terminated SAMs were prepared with dithiobis(11-undecanal)
synthesized following previously reported methods.43

Prior to oligonucleotide coupling, each slide was removed from the SAM solution, rinsed with
10mL of ethanol and 10mL of DI water, and dried under a stream of nitrogen gas. Amine-
terminated probe oligonucleotides (probe 1 and probe 2, Table 1) were diluted to 1mM in
100mM buffers of pH 7.0 (NaH2PO4), 8.0 (NaH2PO4), 9.0 (NaH2BO3) or 10.0 (NaHCO3).
The buffered oligonucleotides solutions were spotted directly onto the NHS- and TFP-
terminated SAM surfaces (0.3μL) and incubated in a humid chamber for 12 hours.

Before spotting (0.3μL) the aldehyde-terminated surfaces, 50mM NaBH3CN was added to the
buffered oligonucleotides solutions to convert the Schiff base to a secondary amine.
Oligonucleotides were coupled to the aldehyde surface for 12 hours under dry conditions,
allowing the reaction to proceed.

After incubation, each surface was washed with DI water and incubated in 1×SSPE (10mM
NaH2PO4, 150mM NaCl, 1mM EDTA, pH 7.4) for 30 minutes at 37°C to remove any non-
specifically bound oligonucleotides.

Coupling of Thiol Oligonucleotides
Gold-coated slides were modified with an amine-terminated SAM by placing the slides in a
1–10mM ethanolic solution of 11-amino-1-undecanethiol (Dojindo) for 12 hours. The terminal
amine groups were then reacted with a heterobifunctional linker, sulfosuccinimidyl 4-(N-
maleimidomethyl) cyclohexane-1-carboxylate (SSMCC) (Pierce; Milwaukee, WI), creating a
maleimide-terminated surface. Prior to the reaction the surfaces were removed from the SAM
reaction and rinsed with 10mL of ethanol and 10mL of DI water. Thiol-terminated probe
oligonucleotides (probe 1 and probe 2, Table 1) were reduced and reconstituted to a final
concentration of 1mM in 100mM buffers of pH 7.0 (NaH2PO4), 8.0 (NaH2PO4), 9.0
(NaH2BO3) or 10.0 (NaHCO3). The buffered oligonucleotide solutions were spotted onto the
maleimide-terminated SAM surfaces (0.3μL) and incubated for 12 hours in a humid chamber.
Prior to oligonucleotide coupling, each slide was rinsed with 10mL of ethanol, 10mL of DI
water and dried under a stream of nitrogen gas.

After incubation, each surface was washed with DI water and incubated in 1×SSPE (10mM
NaH2PO4, 150mM NaCl, 1mM EDTA, pH 7.4) for 30 minutes at 37°C to remove any non-
specifically bound oligonucleotides.

Surface Characterization
NHS- and TFP-terminated SAMs were characterized with polarization modulation FTIR
reflection absorption spectroscopy (PM-FTIRRAS).44 IR spectra in the 800–4000cm−1 region
were collected with a Bruker PMA50 spectrometer with real-time interferogram sampling
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electronics (GWC Technologies; Madison, WI). A HgCdTe detector was used to probe the
800–2000cm−1 region and an InSb detector was used for the 2000–4000cm−1 range.

Contact angles of carboxylate-, NHS- and TFP-terminated surfaces were obtained with a
Ramé-Hart goniometer (model 200-F1) equipped with DropImage Standard software. The
advancing and receding contact angles (θsubstrate) were measured using deionized water as the
probe liquid. Reported angles are the average of three SAM substrates, with three
measurements taken at different locations per substrate.

Hybridization Density
Surfaces modified with single-stranded oligonucleotides, described above, were incubated
with 2μM fluorescently labeled complements (complement 1 and complement 2, Table 1) in
1×SSPE buffer for 30 minutes (40μL total volume). The surface was then rinsed with 10mL
of 1×SSPE buffer, incubated in 1×SSPE at 37°C for 5 minutes to remove non-specifically
bound complement, and the fluorescence intensities of the hybridized oligonucleotides were
measured with a GeneTAC UC4X4 scanner (Genomic Solutions; Ann Arbor, MI). Each
surface was then placed in 2mL of an 8M urea solution to completely elute the complementary
oligonucleotides. The urea solutions were collected, placed in a 96 well plate, and their
fluorescence intensities were measured with a BIOTEK Flx 800 fluorescent plate reader. The
fluorescence intensities of the eluted DNA molecules were compared to calibration solutions
(10−11 to 10−8 M) of the fluorescently labeled complements in 8M urea and used to calculate
the number of complementary oligonucleotides hybridized to the surface. The hybridization
densities were calculated from these values.

Reaction Kinetics
The hydrolysis of the NHS- and TFP-terminated SAMs was monitored with PM-FTIRRAS.
Each surface was incubated in 10mL solutions of pH 7.0 (NaH2PO4), 8.0 (NaH2PO4), or 10.0
(NaHCO3) for 720 minutes. Data points were collected every 20 minutes for 0–180 minutes,
and then every 120 minutes for 240–720 minutes. After each incubation period the surfaces
were removed from the buffer, rinsed with 10mL of ethanol and 10mL of DI water, and dried
under a stream of nitrogen gas. After obtaining an IR spectra, the surfaces were re-incubated
and the process repeated. To correct for the hydrolysis occurring from the washing process,
NHS- and TFP-terminated SAMs were monitored with PM-FTIRRAS for 15 washing cycles
of 10mL of ethanol, 10mL DI water, and drying with nitrogen gas.

Results and Discussion
Surface characterization

NHS- and TFP-terminated surfaces were characterized with PM FTIRRAS measurements and
compared to the IR spectra of the bulk molecules. Both the TFP and NHS SAM surfaces
exhibited symmetric at (2858 cm−1) and asymmetric (2921 cm−1) methylene stretches,
indicating that the monolayers are relatively well ordered.45–47 The most prominent bands in
the NHS-terminated SAM arise from the activated ester carbonyl vibration (1750cm−1) and
the C-O ester stretch (1214 and 1076 cm−1). Spectra of the TFP-terminated SAMs also showed
prominent peaks arising from the activated ester carbonyl (1739cm−1), C-O ester peak
(1181cm−1) and the phenyl stretches (1531 and 1489 cm−1) (Figure 3).

Contact angles were measured to determine the differences in hydrophobicity of carboxylate-
(θCOO = 18.5±1.9°), NHS- (θNHS = 52.5±2.0°), and TFP-terminated (θTFP = 66.8±1.8°) SAMs.
As expected, the TFP surface showed a higher degree of hydrophobicity, due to the presence
of the four fluorine atoms, than the NHS surface. The small contact angles for the carboxylate-
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terminated surface show the large decrease in hydrophobicity resulting from the complete
hydrolysis of either the NHS or TFP surface.

Generalized SAM Comparison
To determine the density of oligonucleotides coupled to the surface as a function of the reaction
pH, fluorescence images of maleimide-, aldehyde-, NHS-, and TFP-terminated surfaces were
taken after the coupled probe oligonucleotides were hybridized with their fluorescently labeled
complements. To the amine-reactive surfaces, 0.3μL of 1.0mM solutions of amine-terminated
probe 1 and probe 2 oligonucleotides (Table 1) in pH 7.0, 8.0, 9.0 and 10.0 buffers were spotted,
in triplicate, and allowed to couple to the surface. For comparison, 0.3μL of 1.0mM solutions
of thiol-terminated probe 1 and probe 2 oligonucleotides (Table 1) were coupled to a
maleimide-terminated surface using the same buffers (see Experimental Section). The
maleimide surface was chosen as a reference as it has served as the primary means of coupling
oligonucleotides to gold SAMs in our laboratory2, 30, 48, 49, and thiol-maleimide coupling
has been shown to be pH-independent.35

The average fluorescence background for each surface was determined by averaging the
fluorescence intensities of the areas not containing oligonucleotide features. A ratio of the
average feature fluorescence intensity, as a function of coupling pH, to the average background
fluorescence for each surface is plotted in Figure 4. While such surface fluorescence
measurements are non-linear in nature,30 they do provide a convenient qualitative means for
analyzing oligonucleotide coupling.

The thiol-maleimide coupling on the surface is pH-independent, corresponding to the results
found in solution.35 The maleimide-terminated surfaces provide a less than ideal chemistry
due to the need to reduce and purify the thiol-modified oligonucleotides prior to each coupling.
Also, the feature fluorescence intensities obtained from the maleimide-terminated surface are
less intense than those obtained for pH 9.0 and 10.0 coupling conditions on the amine-reactive
surfaces. The aldehyde-terminated surface demonstrates an increase in oligonucleotide density
with increasing coupling pH, corresponding to the results found by Peelen et al.23 However,
this method of attachment relies on a reducing agent to form a stable attachment and produces
non-uniform features due to the required reaction conditions. The reducing agent (typically
NaBH3CN) is needed to reduce the labile Schiff base formed in the amine-aldehyde coupling
reaction, to a stable secondary amine. Due to the lability of both the Schiff base and the reducing
agent, it is necessary to remove water during the coupling reaction to obtain good coupling
yields. This causes features to dry out, producing non-uniformity and the appearance of
“coffee-rings.”37

Both the NHS and TFP esters provide a one-step coupling chemistry, due to their ready reaction
with amines to form amides. Also, the coupling reactions can be carried out in a humid chamber
ensuring feature uniformity due to the non-drying conditions. A drawback to using such
activated esters, however, is the possible side-reaction resulting from base hydrolysis. As
Figure 4 demonstrates, coupling reactions carried out at pH 10 result in a decreased density of
oligonucleotides coupled to the NHS surface. In contrast, the fluorescence intensity of coupled
oligonucleotides on the TFP surface increases over the entire pH range (7–10) demonstrating
that it is less susceptible to the hydrolysis side-reaction. For both the NHS and TFP surfaces,
the largest increase in fluorescence is between pH 8 and 9.

As a control experiment, the thiol-terminated probe oligonucleotides (Table 1) were spotted
onto both the NHS and TFP surfaces. Upon hybridization with the fluorescently labeled
complements only the background fluorescence was observed in each of the features.50
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NHS and TFP Comparison
To further compare the activated ester SAMs the average fluorescence background signal,
average spot radius, and average hybridization density of oligonucleotide features as a function
of coupling pH were determined for the NHS and TFP surfaces (Table 2).

High background fluorescence in an array-based assay is often caused by non-specific
interactions between the surface chemistry and the fluorescently labeled molecule of interest.
The ability to prevent such unwanted interactions can lead to a overall higher sensitivity. For
each coupling pH, the background fluorescence (after hybridization of the coupled
oligonucleotide features with their fluorescently labeled complements) of the TFP surface was
lower than its NHS analog: 35% decrease in fluorescence at pH=7, 3% at pH=8, 21% at pH=9,
and 18% at pH=10. This decrease in background fluorescence is attributed to the more
hydrophobic nature of the fluorinated phenols, demonstrated by the 15.5° increase in contact
angle between θTFP and θNHS.

At pH 7 the average spot radii for the NHS and TFP surfaces were 790 and 690μm, respectively.
The smaller spot size is also attributed to the hydrophobic nature of the TFP surface, which is
constant over the coupling reaction pH range as observed from the similar spot radii (690, 670,
680, and 680μm radii at pH 7.0, 8.0, 9.0, and 10.0). Hydrolysis on the NHS surface becomes
apparent with increasing coupling pH as the radii increase from 790μm at pH 7.0 to 840μm at
pH 10.0. The smaller spot radii on the TFP surface enable the fabrication of somewhat higher
density arrays. For example, comparing the spot radii at pH 7 for 0.3μL spots, a 1.0cm2 NHS
surface could contain a maximum of 50 spots while a 1.0cm2 TFP surface could contain 66
spots (a 132% increase in density).51

To more accurately quantify the number of probes coupled to the surface as a function of
coupling pH, hybridization densities were obtained. Each surface was hybridized with
fluorescently labeled complement, dehybridized in 8M urea, the wash-off collected, the
fluorescence intensities determined and compared to a calibration curve constructed from
known concentrations of the fluorescently labeled complementary oligonucleotides in 8M urea
solutions. Once the number of oligonucleotides was obtained, the hybridization density was
determined by:

The average hybridization density for the maleimide-terminated surfaces (4.0(±0.2)×1012

molecules/cm2) was independent of the coupling pH. The hybridization density for the NHS
and TFP surfaces at pH 10.0 (2.10×1012 molecules/cm2 for NHS, 4.12×1012 moelcules/cm2

for TFP) indicates that the rate of hydrolysis of the NHS surface is faster than the coupling of
the amine-terminated oligonucleotides. The hybridization densities shown in Table 2
correspond to the fluorescence intensities obtained in Figure 4.

Stability
To compare the stabilities of the individual SAMs, oligonucleotide arrays were fabricated on
maleimide-, NHS- and TFP-terminated surfaces (See Experimental Section). The fluorescence
signal of the hybridized oligonucleotides was monitored through a series of 10 hybridization/
dehybridization cycles. The fluorescence intensity for each hybridization cycle was normalized
to the fluorescence intensity obtained from the first hybridization. For each of the three surfaces,
no significant loss in signal was observed (data not shown), indicating a high degree of surface
stability under then conditions examined.
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Rates of Hydrolysis
Tournier et al. have shown that the hydrolysis of NHS esters, in solution, increases with pH.
35, 52 The rate of hydrolysis of NHS-terminated SAMs, analogous to the NHS molecule used
in the current work, has been determined at pH 12 to have a rate constant of 4.5×10−2

M−1s−1.36 In the present work hydrolysis for the NHS and TFP surfaces was monitored under
conditions that are more compatible with the preparation and usage of biomolecule arrays. A
series of both the NHS and TFP SAM surfaces were prepared and their hydrolysis over an 8
hour period of exposure to pH 7.0, 8.0, and 10.0 solutions was monitored using PM-FTIRRAS.

To determine the rate of hydrolysis for the NHS and TFP surfaces, decreases in the activated
ester carbonyl stretch (1750cm−1 for NHS, 1739 cm−1 for TFP) were monitored over time. To
ensure that the rates of hydrolysis were not compromised by loss of the SAM from the gold
surface, the symmetric and asymmetric methylene stretches of the alkyl chain (present in both
the TFP and NHS SAMs) were monitored throughout the process. The overall variation in
methylene stretches for both surfaces were less than 8%, indicating that the SAM was not
substantially desorbed from the surface.

The rate of hydrolysis for both the TFP and NHS esters correspond to a first-order process
(Figure 5), in accordance with the results obtained by Dordi.36 The reaction can be described
using a pseudo first order reaction rate constant in which [OH−] ≈ constant, thus

. To determine the rate constants for the hydrolysis of the
NHS and TFP esters, ln(1−x) (where x is the fraction hydrolyzed) reacted) was plotted as a

function of time (Figure 5). The half-reaction time was determined using: . Table 3
summarizes the reaction rate and half-reaction time for each surface at each pH.

These studies demonstrate that the rate of hydrolysis increases, for both NHS and TFP surfaces,
with increasing pH. The NHS surfaces exhibit a greater rate of hydrolysis than the TFP surfaces
for the pH 7.0, 8.0 and 10.0 conditions (Table 3). The rapid hydrolysis of the NHS surface at
pH 10 (39 minutes) accounts for the decreased probe density seen at this pH (Table 2). The
TFP surface exhibits an almost 10-fold longer half-life at pH 10. Decreasing the pH leads to a
corresponding decrease in the half-life difference between the NHS and TFP surfaces (8.5×
difference, pH 10; 3.0× difference, pH 8; 1.9× difference, pH7).

Conclusion
Dithiobis(2,3,5,6 tetrafluoro undecanoate) molecules were synthesized and used to form TFP-
terminated SAMs on gold. This SAM readily reacts with amine-containing oligonucleotides
for DNA array fabrication. Oligonucleotide arrays were fabricated on maleimide-, aldehyde-,
NHS- and TFP-terminated SAMs and compared. When compared to the NHS SAMs, the TFP
analog demonstrates decreased hydrolysis rates under basic conditions, permitting increased
oligonucleotide coupling efficiency. The TFP surface also demonstrates comparable stability,
reduced fluorescence background, and reduced feature sizes for the creation of higher density
arrays.
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Figure 1. Synthesis of dithiobis(2,3,4,5 tetrafluorophenyl undecanoate)
The synthesis of dithiobis(2,3,5,6 tetrafluorophenyl undecanoate) was carried out in two steps:
(1) the formation of dithiobis(undecanoic acid) from mercaptoundecanoic acid (97% yield)
and (2) the formation of the tetrafluorophenyl ester from the resulting dithiobis(undecanoic
acid) (56% yield).
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Figure 2. Coupling vs. Hydrolysis
The TFP (top) and NHS (bottom) SAM surfaces react with amine-containing molecules to
form amide linkages. The hydrolysis of these esters is a secondary, competing, side reaction
whose rate increases with increasing pH.
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Figure 3.
PM-FTIRRAS spectra of NHS- and TFP-terminated SAMs on gold. These surfaces were
prepared by placing gold-coated slides in 1–10mM ethanolic solutions of the molecule of
interest for 12 hours, rinsing with 10mL of ethanol and 10mL of water, and drying with nitrogen
gas.
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Figure 4. pH vs. SAM
Fluorescence intensity of oligonucleotide features on maleimide-, aldehyde-, NHS-, and TFP-
terminated SAMs as a function of pH. Surfaces were prepared as described in the Experimental
Section, hybridized with 40μL of 0.20μM solutions of the fluorescently labeled complements,
and their fluorescence intensities measured. Fluorescence intensities are reported as the ratio
of the average feature intensity to the average background intensity. While surface fluorescence
is non-linear and is thus not a quantitative measure it does provide a qualitative view of
oligonucleotide coupling. The fluorescence results for the maleimide, NHS, and TFP surfaces
were confirmed with quantitative hybridization density measurements from wash-off studies.
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Figure 5.
Hydrolysis of the NHS and TFP molecules as a function of time was monitored with PM-
FTIRRAS by comparing the C=O stretch to the CH2 stretch. (a) C=O stretch of the TFP
molecule as a function of time at pH 10. Plots of ln(1−x) (x = fraction hydrolyzed) as a function
of time for the hydrolysis of NHS- and TFP-terminated SAMs in (b) pH 7.0 NaH2PO4 buffer,
(c) pH 8.0 NaH2PO4 buffer and (d) pH 10.0 NaHCO3 buffer. For each surface and pH a least-
squares regression (solid line) was used to determine the rate constant and half-life.
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Table 1
Oligonucleotides
Oligonucleotides (5′ to 3′) used in this study were synthesized using standard
phosphoramidite chemistry. Each probe oligonucleotide was synthesized with
either a 3′-thiol or 3′-primary amine group separated from the oligonucleotide
sequence of interest by 10 thymidine (dT) residues. Complementary
oligonucleotides were modified with a 3′ fluorescein moiety, allowing for
fluorescence-based of hybridization detection.
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