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ABSTRACT: COOH-terminated self-assembled monolayers
(SAMs) are widely used in biosensor technology to bind different
amine-containing biomolecules. A covalent amide bond, however, can
be achieved only if the carboxylic acids are activated. This activation
process usually consists of forming an N-hydroxysuccinimidyl ester
(NHS-ester) by consecutively reacting carboxylic acids with a
carbodiimide and NHS. Though many papers report using this
method,'™® the experimental conditions vary greatly between them
and chemical characterization at this stage is often omitted. Evidence
of an eflicient activation is therefore rarely shown. Furthermore,
recent publications’"' have highlighted the complexity of this
process, with the possible formation of different byproducts. In this
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paper, we have conducted a study on NHS activation under different conditions with chemical characterization by polarization-
modulation infrared reflection—absorption spectroscopy (PM-IRRAS) and time-of-flight secondary ion mass spectroscopy (ToF-
SIMS). Our results indicate that the nature of the solvent and carbodiimide and the reactant concentrations play crucial roles in

activation kinetics and efficiency.

B INTRODUCTION

Self-assembled monolayers are widely used to attach bio-
molecules to gold."*'*'*> Among the different headgroups
available for immobilizing biomolecules, carboxylic acids
(COOH) are commonly chosen for their ability to bind
amine groups (NH,) that are present in proteins, peptides, or
amino-functionalized oligonucleotides (DNA, RNA, aptamers,
etc.). COOH and NH,, being oppositely charged in most
biological buffers such as PBS (pH 7.4), can interact
electrostatically without further derivatization. However, if
covalent binding is desired, it is necessary to activate the
COOH groups. Activation commonly consists of forming a
reactive NHS-ester by a two-step reaction between the acid and
a carbodiimide to form O-acylurea followed by a reaction
between O-acylurea and NHS to yield the activated NHS-ester’
(see Scheme 1).

Given the widespread use of this methodology,'* it could be
thought that a well-established protocol leading to efficient
activation exists. However, as noted by others,” an important
number of parameters vary greatly between studies. Indeed,
activation may be performed in water with N-(3-
(dimethylamino ) propyl)-N'-ethylcarbodiimide (EDC)'™> but
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also in organic solvents such as dimethyl sulfoxide (DMSO)® or
tetrahydrofuran (THF)” with other carbodiimides such as
N,N'-dicyclohexylcarbodiimide (DCC)** or N,N'-diisopropyl-
carbodiimide (DIC).” Carbodiimide and NHS concentrations
and the activation time are also found to vary greatly."®'*
Furthermore, there is often no chemical characterization at this
stage to prove the efficiency of the activation process. It should
be noted that achieving the immobilization of a protein does
not constitute proof of an efficient activation, as proteins can be
easily physisorbed and may actually bind to a greater extent on
nonactivated COOH rather than on NHS-ester."

Recent publications’ "' have highlighted the fact that the
activation of carboxylic acids on SAMs is a complex reaction
(see Scheme 2) which can lead not only to the desired NHS-
ester formation (reaction 3) but also to different byproducts
such as N-acylurea (reaction 1) and anhydrides (reaction 2):

In addition to the different possible reactions reported in
Scheme 2, it should be noted that the hydrolysis of different
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Scheme 1. Activation of Carboxylic Acids by Carbodiimide and NHS without Byproducts”
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Scheme 2. Possible Derivatizations of O-Acylurea in the
Presence of NHS, Including the Expected NHS-Ester and
Main Byproducts N-Acylurea and Anhydride’
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species can furthermore make the overall reaction scheme more
complex. Most importantly, carboxylic acids can be regenerated
at the surface through the hydrolysis of O-acylurea'® or NHS-
ester.”” Additionally, the hydrolysis of carbodiimides and O-
acylurea can also produce other byproducts such as urea
derivatives.'*'

Sam et al’ showed the impact of EDC and NHS
concentration on the efficiency of the activation process and
the appearance of the aforementioned byproducts, with a
systematic infrared characterization of the different terminal
groups at the surface, albeit not providing information about
the kinetics of the different reactions.

Time-of-flight secondary ion mass spectroscopy (ToF-SIMS)
and polarization-modulation infrared reflection absorption
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spectroscopy (PM-IRRAS) are surface-sensitive methods
specially suited for this study. Indeed, as shown by Frey et
al,'* the activation process can be monitored by the presence
of an infrared absorption peak at ca. 1820 cm™. It should be
noted that during the activation, other bands appear at ca. 1785
and 1745 cm™!, with the latter being the most prominent one.
However, these two are linked to NHS (be it covalently bonded
or just adsorbed) and are therefore not representative of the
activated ester (NHS covalently bonded to the acid head-
group).

In this paper, we have conducted a methodological study on
the activation process of 1-mercapto-11-undecanoic acid
(MUA) SAMs on gold under different conditions, characterized
by PM-IRRAS and ToF-SIMS. The following results highlight
the different esterification and byproduct formation kinetics
depending on the nature of the carbodiimide and correspond-
ing solvent (EDC in water vs DIC in THF) as well as the
reactant concentrations.

B EXPERIMENTAL SECTION

Chemicals. 1-Mercapto-11-undecanoic acid 95% (MUA), N-(3-
(dimethylamino)propyl)-N’-ethylcarbodiimide hydrochloride (EDC)
99%, N-hydroxysuccinimide (NHS) 97%, N,N’-diisopropyl-carbodii-
mide (DIC) 98%, ethanol 99.8%, and THF 99% were purchased from
Sigma-Aldrich.

Gold Functionalization. Gold samples (200 nm thick) were
prepared by e-beam evaporation onto silicon wafers with an adhesion
layer of chromium (S nm thick). The deposition rate for the gold layer
was 2.5 A/s. Substrates were cleaned with UV/ozone for 30 min, and
the surface was checked with PM-IRRAS before functionalization.
SAMs were formed by immersing the samples for 4 h in 10 mM
solutions of MUA in slightly aqueous ethanol (95/5 v/v), previously
degassed under nitrogen. This solvent was chosen in order to limit the
well-known deprotonation of carboxylic acids that occurs in pure
ethanol”™?* (see the Supporting Information for further evidence).
The samples were then washed in fresh ethanol/water (95/5 v/v) for
2 X S min under sonication to remove potentially adsorbed multilayers
and soaked in ultrapure water for another 5 min before drying with
nitrogen.

MUA Activation. Previously formed SAMs were activated with a
mixture of EDC/NHS in ultrapure water or DIC/NHS in THF dried
over molecular sieves, both at two different concentrations: 20 mM +

dx.doi.org/10.1021/1a5004269 | Langmuir 2014, 30, 4545—4550



Langmuir
224 1743 1743
2923 1754 1650 1548 1430 1170 2926 1784 1705 1430 1170

209 2965 2 1818 1468 1350 1213| 1076 2002 2856 1818 1468 | 1380
~ “"...//\“\.. —M N ..../'/\-’\. 30min
S s / N /M d — N 1h
o, __//\/k -y __/jt\ —_ 2h
R A - M an
< 124 .....// \_,\_ e ___/j\J¥ — 8h

1,0 -//\"\“_- T ~ \’\.“ N 24h

3000 1800 1600 1400 1200 1000 3000 1800 1600 1400 1200 1000
Wavenumber (cm'1) Wavenumber (cm'1)
(a) Water (b) THF

Figure 1. Samples activated in (a) water and (b) THF with 100 mM concentrations of the corresponding carbodiimide and NHS. Characteristic
NHS absorption wavenumbers are written in bold, and the 1818 cm™ peak, characteristic of NHS-ester, is written in bold and italic.

20 mM and 100 mM + 100 mM ([carbodiimide] + [NHS]). The
samples were taken out of the solution at different times (30 min and
1, 2, 4, 8, 24 h), washed in ultrapure water for 2 X S min under
sonication to remove potentially adsorbed multilayers, dried with
nitrogen, and characterized by PM-IRRAS.

Infrared Characterization. Characterization of the surface was
carried out by polarization-modulation infrared reflection—absorption
spectroscopy (PM-IRRAS, also referred to in the literature as PM-
RAIRS and PM-FTIRRAS). The theory of PM-IRRAS has been
explained elsewhere.”>** In short, in a PM-IRRAS setup, as opposed to
conventional IRRAS, the incident-beam polarization is switched from
p to s by a photoelastic modulator (PEM) at a given high frequency.
This makes it possible to acquire two different signals, corresponding
to the difference and sum reflectivities: IR, — Ryl and R, + R;. The ratio
AR/Ry = ((IR, = RJ|)/(R, + R,)) constitutes a spectrum of the surface,
without the need to acquire a background spectrum as in conventional
IRRAS. However, the PEM is not efficient at all wavenumbers
simultaneously, which results in a low-frequency superimposition on
the spectrum corresponding to a second-order Bessel function.>* Thus,
the baseline was corrected each time by dividing the experimental
spectrum by a spline line fitted to the regions where no peak was
expected.'”** This method is often used as it gives the correct relative
peak intensities albeit yielding arbitrary units for the y axis.'>"?

We used a Nicolet 6700 FTIR spectrometer from Thermo Scientific
coupled to a Hinds Instrument PEM-100 ZnSe photoelastic modulator
driven at 50 kHz (polarization switch from p to s at 100 kHz). The
wavenumber of optimum detection (wavenumber at which the PEM
works as an oscillating half-wave plate) was set at 2000 cm™ for a full
scan (4000—800 cm™'), with emphasis on the C=0 region. All
spectra were acquired at 8 cm ™" resolution and an angle of incidence of
85° for optimum sensitivity on gold. Further analysis of the spectra
were performed with TQ Analyst software and Origin 8.0. The
evaluation of the activation process was made by measuring the area of
the NHS-ester peak with baseline correction between 1835 and 1802
cm™! except for samples functionalized in water after 24 h, where the
peak was slightly shifted to the right (baseline taken between 1829 and
1800 cm™).

ToF-SIMS Characterization. Time-of-flight secondary ion mass
spectrometry (ToF-SIMS) measurements were performed with a
Physical Electronics TRIFT III instrument (Physical Electronics,
Chanhassen, MN) operated with a pulsed 22 Au* ion gun (ion current
of 2) rastered over a 300 um X 300 ym area. The ion dose was kept
below the static conditions limits. Data were analyzed using
WinCadence software. Mass calibration was performed on hydro-
carbon secondary ions. The maximum deviation between the
measured m/z for ToF-SIMS peaks and the exact m/z for the
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corresponding assigned ions was 20 milliatomic mass units. Data were
normalized to the total intensity minus the H* intensity because of its
low reproducibility and expressed as a percentage:

norm
Itotal

X 100
— Igyt/-

B RESULTS AND DISCUSSION

For the following discussion of PM-IRRAS results, the most
relevant infrared vibration modes and wavenumbers can be
found in the Supporting Information.

Figure 1 shows the evolution of the surface upon activation
in water and THF at concentrations of 100 mM in
carbodiimide and NHS.

Many features can be distinguished in these spectra, some of
which relate to the presence of NHS: v triplet at 1818,
1784, and 1743 cm™; 1%, at 1076 cm™'; 5T at 1213 cm™;

rock

and V2T at 1380 cm ™" (with a possible contribution from Och,

that will be discussed later).

To quantify the activation of carboxylic acids, it is tempting
to consider the ca. 1743 cm™ band, as it is the most prominent
one in succinimidyl esters. However, this band is not
characteristic of the activated ester as it is also present in
potentially physisorbed succinimide. Furthermore, it can be
overlapped by the v_g of free carboxylic acids. Therefore, we
have quantified the area under the 1818 cm™! band,
characteristic of the NHS-ester. It should be noted that this
attribution implies the lack of anhydride at the surface, which is
consistent with the lack of a peak at 1750 cm™" and the similar
evolution and widths of the 1818 and 1784 cm™" peaks which
suggest a unique contribution for both.” Moreover, this is
consistent with the literature” that suggests that direct NHS-
ester formation is dominant in comparison to the anhydride
intermediate at such high concentrations of NHS, although an
anhydride intermediate may have been formed in the very early
stages (first few minutes) of the reaction'' and therefore not
detected here. Very different behaviors were shown depending
on the solvent (and corresponding carbodiimide), the
concentration, and the time. These are summarized in Figure
2 below.

One can see that activation in water occurs very fast (<30
min) at both concentrations and then decays (immediately at
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1468 cm™ can be attributed to vibrational modes of the alkyl
chain (uacsﬁl‘/zm, vE, and Scy, respectively), which are
independent of the activation process and therefore more or
less constant in both cases.

The region between 1743 and 1468 cm™" is more interesting
as it presents clear differences between water and THF as well
as different evolutions in each sample. First we can see that two
bands are present at 1650 and 1548 cm™' in the sample
activated in water and not in THF. These bands are strongly
evocative of amide I and II vibrations which suggest the
presence of the N-acylurea byproduct. A contribution from

Oy,0 of adsorbed water may also be possible, as noted by others

in similar studies."""? Such an increase in hydrophilicity would
be consistent with the hydrolysis of NHS-ester into carboxylic
acids."’ However, the principal assignment of this peak to N-
acylurea seems more likely, considering the following character-
ization by ToF-SIMS as well as the fact that, in order for
physisorbed water to have a significant signal by PM-IRRAS,
most water molecules should have a precise orientation with
regard to the surface (PM-IRRAS is insensitive to isotropic
dipoles). In THF, no water or amide bands could be detected.
In contrast, the carbonyl region was found to be much broader
(1743—170S cm™"), which suggests unreacted carboxylic acids
at the surface. This is consistent with the slower kinetics of
esterification in this solvent.

ToF-SIMS measurements were carried out on these surfaces
for further analysis of the final products (see Figure 3), and
normalized intensities (I, = (I/(Iow — Iyr) X 100) of
various characteristic ions were calculated. Figure 3a,b indicates
the detection on both surfaces of CN™ at m/z = 26 (3.87% in
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(d) THF - positive

Figure 3. Negative (a and b) mode and positive (c and d) mode ToF-
SIMS spectra of samples activated in water (a and c) and THF (b and
d) after 24 h in the ranges of m/z = 5—120 (negative mode) and m/z
= 0—100 (positive mode).

THF and 6.85% in water) and of CNO™ at m/z = 42 (11.72%
in THF and 5.82% in water). However, other signatures
indicate a different nitrogen-based surface chemistry. Indeed, in
THF we can observe an intense peak at m/z = 98 (9.48%)
which can be assigned to C;H,NO,~ of NHS.** This represents
only 0.35% on the sample activated in water. The m/z = 114
peak in Figure 3b can also be assigned to an NHS moiety
(C4H4NO3_)25 and is absent in Figure 3a. Conversely, in
positive mode (Figure 3c,d), we can see a main difference at
m/z = 30 which can be assigned to CH;NH". This represents
5.54% in water versus 0.75% in THF. This and the m/z = 84
peak (C,HNO") are consistent with the structure of EDC-
derivatized N-acylurea. These peaks could also originate from
other EDC derivatives including O-acylurea, physisorbed EDU
(EDC urea derivative from hydrolysis'®), and plain unreacted
EDC. However, the assignment to N-acylurea seems more
reasonable given the high reactivity of O-acylurea and the
thorough washing under sonication as well as the previously
mentioned amide bands in the PM-IRRAS spectra. In summary,
ToF-SIMS analysis confirms the higher amount of NHS on the
sample activated in THF after 24 h compared to that activated
in water and the predominance of an EDC-derivatized
byproduct assigned to N-acylurea on the latter.
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Furthermore, a shoulder on the v&i" peak in Figure 1 could
be detected in both samples at 2965—2962 cm™". This peak

may be attributed to tE™ (the corresponding v, around

3

2870 cm ™ is likely too weak and overlapped by the Vg™ and
vl peaks to be clearly identified). The presence of CH,

groups at the surface may be assigned to alkyl moieties of N-
acylurea byproduct in water and unreacted O-acylurea in THEF.

The 1430 cm™' peak may be assigned to Sgg . Another
contribution to this peak could come from rJZc_o_ of
carboxylates (the corresponding V&Y% __ at ca. 1580 cm™" is
hardly detected due to the dipole’s orientation to the surface).
Deprotonation of carboxylic acids occurs as they interact with
the carbodiimide. This peak’s important decrease in THF from
8 to 24 h is not translated into an increase in NHS-ester but

. : Sym assym 3
rather an increase in 1@y, and vy, which would suggest a

higher conversion of COOH to unreacted O-acylurea.
Eventually, a peak at 1170 cm™" is present in Figure 1 whose
interpretation is uncertain.

B OUTLOOK

NHS activation with different solvents and carbodiimides at
different concentrations has been investigated by PM-IRRAS
and ToF-SIMS. Our results show that, though the common
procedure of activation in water with EDC/NHS does indeed
lead to rapid esterification of the carboxylic acids even at 20
mM concentration, these activated esters are very unstable and
rapidly hydrolyzed. Their presence could barely be detected
after 24 h by the 1818 cm™ and the m/z = 98 peaks (PM-
IRRAS and ToF-SIMS, respectively). Furthermore, especially at
high concentrations of EDC and NHS, significant amounts of
N-acylurea byproduct may be formed, as suggested by the
infrared amide I and II bands as well as CH;NH" and
C,HNO" ToF-SIMS peaks. Moreover, an important increase
in the 1650 cm™ band between 8 and 24 h suggests the
contribution of adsorbed water (increase in hydrophilicity of
the surface).

In contrast, activation conducted in THF with DIC requires
higher concentrations of carbodiimide and NHS and longer
times but is more stable and does not form N-acylurea.
However, it seems that unreacted O-acylurea remained after 24
h, as evidenced by the methyl band at 2965—2962 cm™".

B ASSOCIATED CONTENT

© Supporting Information

Summary of the most relevant vibrational modes and
wavenumbers and evidence of lower deprotonation of MUA
on aqueous ethanol than on pure ethanol. This material is
available free of charge via the Internet at http://pubs.acs.org.
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