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We report, for the first time, the application of synchrotron
FTIR microspectroscopy to determine the spatial distribution of
methylene blue conjugated onto a self-assembled monolayer
surface via Sharpless “click” chemistry.

Sharpless “click” chemistry has been one of the most versatile
and indispensable chemistry tools in organic synthesis since its
discovery in 2001.! More recently, the use of “click” chemistry
in surface modification has been proposed and realized.>* One
such application is the fabrication of biosensors. In this sensor
fabrication approach, a self-assembled monolayer (SAM)
containing surface-active azide moieties is first formed on a
gold surface, followed by conjugation of the biosensing
elements onto the azide-containing SAM.* This approach has
been demonstrated to be well-suited for the fabrication of an
electrochemical DNA (E-DNA) sensor. The “click”-based
E-DNA sensor exhibits similar sensor properties when compared
to the E-DNA sensor fabricated via the conventional “two
step” approach, which involves direct adsorption of thiolated
DNA probes onto the gold electrode.’ Similar to most surface-
based biosensors, the “click”-based E-DNA sensor performance
is highly dependent on the total probe coverage and more
importantly, the distribution of the probes on the sensor
surface.® We thus believe sensor performance can be greatly
enhanced by simply adjusting the probe coverage and spatial
distribution—which are governed by the surface concentration
and distribution of the active azide moieties on the SAM
surface.
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To date, various surface analysis techniques, including
atomic force microscopy and scanning tunnelling microscopy,
have been utilized in the characterization of probe distribution
on SAMs.>!? Fourier transform infrared microspectroscopy
(FTIR-M), a technique that combines light microscopy and
infrared spectroscopy, will undoubtedly be a valuable tool in
determining biosensing probe coverage and distribution.!'
However, in an FTIR-M experiment, the aperture size is
greatly reduced, thereby limiting the IR flux that reaches the
detector, leading to a decrease in the S/N ratio. Thus, to
enhance the sensitivity of the signal and resolution of the
recorded image, a synchrotron radiation source is often
employed, owing to its effective brightness that is 1001000 times
higher than conventional thermal sources.'>'* Here we report,
for the first time, the application of synchrotron FTIR and
FTIR-M to determine the spatial distribution of an alkyne-
modified MB (C7-MB) conjugated to a SAM-modified electrode
via “‘click” chemistry (Fig. S1, ESI¥).

In this study, mixed SAMs consisted of 11-hydroxy-undecane-
thiol (C11-OH) and 11-azido-undecane-thiol (C11-N3) were
formed on gold-coated silicon wafers (gold substrates). The
SAMs were deposited in a stepwise fashion; the piranha-
cleaned gold substrates were first incubated in C11-N3 (P-0)
or a mixture of C11-OH and C11-Nj; (P-3h) for 10 min. The
partially-coated gold substrates were then incubated in C11-OH
for 3 h to complete the SAM formation (Fig. S2, ESI¥).
The SAMs resulting from the two protocols are expected to
be different. The absence of C11-OH in the first incubation
step promotes formation of CI11-Nj clusters on the gold
surface; the P-0 SAM is thus presumed to be a less homo-
geneous monolayer when compared to the P-3h SAM.
In addition, owing to the lack of competition in the adsorption
between the two thiols, the P-0 SAM should also display a
higher concentration of surface azides. Here we employed
X-ray photoelectron spectroscopy (XPS) to determine the
relative concentration of surface azide between the two
SAMs.* Of note, data collection times and the X-ray flux were
specifically limited to avoid X-ray induced molecular fragmentation,
which in turn diminished the signal-to-noise but preserved
sample quality. Nevertheless, the presence of the two signature
N (1s) peaks at 405 and 402 eV validates the presence of azide,
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Fig. 1 (Left) Experimental XPS spectra (black) and corresponding
best-fit curves (green) of element N 1s and O Is for (a) P-3h and (b) P-0
SAMs. (Right) AC voltammograms of C7-MB conjugated onto (a)
P-3h and (b) P-0 SAMs (AC frequency: 10 Hz, amplitude: 25 mV).

with a screened and unscreened final state consistent with
placement as a terminal group on the alkane end away from
the metal substrate. The O (1s) core level peak at 532 eV
signifies the presence of a bonded oxygen species. The presence
of these chemically specific spectra signatures clearly indicates
that both monolayers contain C11-N; and C11-OH (Fig. 1a).
Relative abundance of the two thiols, however, differs signifi-
cantly between the two SAMs. The calculated abundance of
azide relative to oxygen is 0.7665 for the P-3h SAM and 1.6382
for the P-0 SAM, indicating that the P-3h SAM contains fewer
surface azides when compared to the P-0 SAM.

To correlate the abundance of surface azide to C7-MB
probe density, we deposited both P-0 and P-3h SAMs on gold
disk electrodes well-suited for electrochemical characterization.’
The resultant monolayers were then subjected to the “click™
reaction for direct conjugation of the C7-MB probes
(Fig. S1, ESIf). The electrochemical signal of the C7-MB
probes was monitored using alternating current voltammetry
(ACV). As shown in Fig. 1b, the MB reduction current
observed with the P-0 SAM is higher than that obtained with
the P-3h SAM. The average probe coverages for the P-0 and
P-3h SAMs are 2.9 x 10'? and 4.2 x 10'! molecules/omz,
respectively. These data are in accordance with the XPS
results, suggesting that the amount of C7-MB conjugated onto
the monolayer is highly dependent on the amount of available
surface azide, which is contingent on the monolayer preparation
strategy. However, while the overall probe coverage can affect
sensor behaviour; it is often the distribution of the probes on
the surface that is detrimental to sensor performance.

Thus, to determine the surface distribution of C7-MB, the
two SAMs were deposited on a separate set of gold substrates,
C7-MB was subsequently conjugated to the monolayers via
“click” chemistry. These two monolayers were then analysed
using synchrotron radiation-based FTIR and FTIR-M. Prior
to the FTIR-M experiments, a conventional IR spectrum of
the “free” C7-MB (i.e., not conjugated to a surface) was
collected and systematically characterized. The purpose of this
experiment is twofold; first, it is necessary to generate a
reference spectrum for MB, since the same spectral signatures
will be monitored in the synchrotron FTIR-M experiment.
Second, the resultant spectrum can be used to confirm the
success of the actual “click” reaction, which is signified by the
presence of spectral signatures of the 1,2,3-triazole ring.

Fig. 2 shows the normalized IR spectra of the “free” C7-MB
and C7-MB conjugated onto a P-3h SAM-modified gold
substrate. Despite the differences in the samples being analysed
and the instruments used to collect the spectra, both spectra
display broad bands in the 3200-3600 cm ™" region, presumably
contributed by the overlapping stretches of N-H, O-H, and
—C-H aromatic groups found in C7-MB (Fig. S1, ESI¥).
Although characteristic alkyl C—H peaks (2800-3000 cm ') are
present in both spectra, the relatively higher peak intensity and
the slight shift (2895 cm™!) observed with the conjugated
C7-MB (Fig. 2b) could be due to the linker. The peaks
observed in the fingerprint region of 600-1800 cm ™' appear
to be more complex in the conjugated C7-MB spectrum, which
could be attributed to the conjugation of the molecule to the
monolayer. A notable difference between the two spectra is the
presence of the triplet peaks in the “free” C7-MB spectrum,
indicating the presence of amide I/II stretching/bending C—=0O
and N-H modes (1632, 1657 cm™ ') and the MB aromatic
group (1603 cm™'). These three peaks, however, merge into
one relatively less intense peak at 1631 cm ™' in the conjugated
C7-MB spectrum. A recent study reported by Choi et al.
showed a similar change in the IR spectral signature upon
linking an azido fluorobenzoic acid ester to a silicon nano-
particle.'* Furthermore, there are several peaks in both spectra
that are indicative of the C7-MB moiety, these include hetero-
cyclic vibrations of the MB skeleton (1340-1440 cm ™',
1040-1100 cm™'), heterocyclic CH bending vibrations
(830-840 cm™!'), C-N aromatic stretches (1250-1300 cm™"),
and C-N and/or P—=0 modes (1100 cm™").">'¢ Infrared bands
of the triazole anion have been reported to be near or within
these regions (840, 1068, 1097, 1230, 1412, 1439 cm™"), which
could account for the minor band shifts and greater relative
intensities of several bands for the conjugated C7-MB relative
to the “free” C7-MB.!7 Other spectral signatures that confirm
the successful conjugation of C7-MB onto the azide-containing
SAM includes the presence of the alkyne band at 690 cm ™' in
the “free” C7-MB spectrum, which is clearly absent in the
conjugated C7-MB spectrum. The absence of the azide band at
2100 cm~! and the appearance of the triazole anion marker
band at 1145 cm ™" in the conjugated C7-MB spectrum provide
key evidence in support of the successful “click” reaction.'”'*
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Fig. 2 (Left) Structure of C7-MB. (Right) Comparison of (a) the IR
spectrum of “free” C7-MB and (b) synchrotron radiation-based FTIR
spectrum of C7-MB conjugated onto a P-3h SAM-modified gold
substrate. The calculated dipole active modes of the alkyne-modified
MB (C7-MB) are shown divided to show those modes resulting from
(c) the uridine monophosphate and alkyne moieties, (d) the MB
moiety, and (e) the anchoring C11-N3 moiety.
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Fig. 3 Optical microscopy (a,c) and synchrotron radiation-based
FTIR spatial spectra-microcroscopy (b,d) images of P-0 (a,b) and
P-3h (c,d) SAMs modified with C7-MB via “click” chemistry.
Absorbance of the characteristic MB 1428 cm ™' IR mode is indicated
by colour (blue indicates low MB concentration and red indicates high
MB concentration).

As a guide to the interpretation of the experimental data, we
performed simple model calculations of both the vibrational
modes and electronic structure of C7-MB and C11-Nj
(Fig. 2c, d and e, Fig. S3, ESIY). The oscillator strengths
and eigen values of the dipole active modes for the C7-MB
molecule and C11-Nj were calculated using density functional
theory (DFT) using a standard 6-31G* basis set. As observed,
our experimental results are in reasonable agreement with
both literature values and model calculations.

Fig. 3 shows the relative concentration and spatial distribution
of C7-MB conjugated onto the P-0 and P-3h SAMs. The
colour density of the features in the images is dependent
on the concentration of surface immobilized C7-MB. As
observed, there is far more clustering of the IR signature of
C7-MB in the P-0 image and far more overall absorbance than
that obtained with the P-3h SAM. Not only is more C7-MB
conjugated onto the P-0 SAM surface, but as prepared, the
azide-terminated thiol clusters. For the P-3h SAM, the absorbance
(colour) is less intense and the spots are more uniformly
distributed, suggesting that fewer C7-MB molecules are on
the surface. These results are not unexpected since it is highly
probable that there are surface aggregates of C11-Nj in both
SAMs, specifically, the P-0 SAM. It should be noted that the
monolayer immobilization protocol employed here is a two-step
process; in forming a P-0 SAM, the electrode is first exposed to
only C11-Nj3, the incorporation of C11-OH in the second step
could further induce the semi-assembled C11-Nj layer to
cluster as the C11-OH molecules fill in the exposed gold
surface, in addition to displacing some of the weakly bound
C11-N3 molecules. Consequently, higher surface concen-
tration of C7-MB will be found in regions where aggregates
of C11-Nj are present.

However, for the P-3h SAM, incorporation of C11-OH in
the first step has proven to be advantageous in forming a
relatively well-mixed monolayer, with fewer aggregates of
C11-Nj3. Previous reports have established that in the formation
of a mixed monolayer with two different thiols simultaneously
present in the immobilization solution, competitive adsorption
between the two thiols is inevitable.!”?° In this case, C11-OH
acted as the true “diluent” by lowering the total number of
adsorbed CI11-Nj, in addition to allowing them to be more

evenly-spaced on the electrode surface. Nonetheless, the
introduction of C11-OH in the second step could still cause
C11-Nj to aggregate, although to a lesser extent when compared
to the P-0 SAM. Thus, the observed signal from C7-MB is less
intense for this SAM system, as reflected by the lighter and more
dispersed spots in the FTIR-M image.

In conclusion, despite the versatility and simplicity afforded
by the “click” chemistry approach in sensor fabrication, careful
consideration must be given to the design and fabrication of
the monolayer if uniform distribution of biosensing elements
on the sensor surface is desired. For this specific system, the
incorporation of “diluents” in the SAM formation step has
proven to be advantageous in producing a more homogeneous
mixed monolayer, which is often required for the fabrication
of folding-based electrochemical biosensors.> ® More importantly,
this study highlights the use of FTIR-M in biosensing and
surface science research. This technique is highly versatile and
can be implemented in the analysis of monolayer surfaces
other than the thiolated SAMs used in this study. It can also be
employed to evaluate the efficiency of new surface conjugation
approaches for applications that encompass both biosensing
and material science research.
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