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Introduction

The label-free sensing of small molecules and proteins is of
high interest for chemical gas and pH sensing, medical
diagnostics, and pharmaceutical and biological applications."
Novel tools for biosensing have been developed in recent
years, among them very promising one-dimensional (1D)
nanostructures, i.e. fibres, wires and tubes, with the goal to
implement them as sensing elements in an operating device.
Although experimentally difficult to realize, it is indeed an
intriguing outlook that only a single nanostructure is needed
for the building of extraordinary small and portable instru-
ments. In particular when combined with microfluidic tech-
niques, 1D-nanostructure sensors can reveal their full
potential for the analysis of biological processes and multi-
plexing for parallel analyses of different target compounds.
Microfluidic devices allow the formation, alignment, position-
ing and immobilization of nano- and microsized fibres, while
at the same time the fluidic channels could be used as a deliv-
ery system to supply analytes to the sensing structures.” One of
the intriguing prospects is the integrated synthesis of 1D struc-
tures and their final use in sensing applications on a single
microfluidic device, making any nano-/microstructure manual
handling or micromanipulation unnecessary.>™

In the past few years, various materials have been utilized
to form 1D structures for sensing purposes. For example, crys-
talline metal oxide nanowires like ZnO or SnO, are prepared®
and used as capable building elements for conductometric gas
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Label-free biosensors based on in situ formed and functionalized TTF-Au wires were developed using an
integrated microfluidic system. By applying different modification protocols, TTF-Au wires were success-
fully used for sensitive label-free detection of catecholamines and human IgG by Raman spectroscopy.

sensors. More difficult is the creation of a sensor for bio-
molecules, which are dissolved in aqueous solution as, e.g.,
special care is required for immobilization of the wires. Si-
nanowires, which can be prepared as p- or n-type materials
and configured as field effect transistor (FET) based sensor
devices, have been utilized to detect biomolecules such as
DNA, ATP and proteins.” In this context, semiconducting
single walled carbon nanotubes should also be mentioned as
they have also been successfully implemented into devices for
sensing biomolecules in solution.®’

Alternatively, hybrid systems created from metal salts and
organic compounds have attracted a lot of attention, and
were used for building nanodevices." Tetrathiafulvalene-gold
(TTF-Au) is a conductive metal-organic hybrid structure and
can be formed in a controlled way by using microfluidic-based
technology.'" We reported recently on the use of the wires for
sensing of water based on conductivity," and the sensing of
vapours of polar organic solvents was also observed (un-
published work). In addition, we also showed the enhancement
of the TTF Raman signal on TTF-Au wires."” Based on these
results, we propose the possibility of using the wires as
sensing elements, with conductivity measurements for fast
and online readout, and Raman spectroscopy for further
identification of the detected molecules. However, to broaden
the use of the wires for the detection of a wide range of ana-
Iytes, several challenges have to be overcome including a
method to position and functionalize the wires.

In this study, for the first time, we show the integration of
several processes, (i) the bottom-up formation of TTF-Au
wires, (ii) the on-chip functionalization of single or a few TTF-
Au wires, with different molecules™® that have the ability to
interact with gold, and (iii) the straightforward use of these
wires in biosensing applications. These wires have diameters
of a few hundred nanometers up to a few micrometers. To
demonstrate that the integrated system is versatile for biologi-
cal analysis, we have shown selective label-free sensing of cate-
cholamines or human immunoglobulin G (IgG) by applying
different modification approaches. The first one enables the

This journal is © The Royal Society of Chemistry 2015
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direct sensing of catecholamines by confocal Raman spectro-
scopy and is based on wire functionalization by cysteamine
(CEA) and glutaraldehyde (GA). The second one enables indir-
ect sensing'® by using the Raman tag 4-aminothiophenol
(4-ATPh)."® Here, an immunoassay is employed, where the
antibody is bound to 4-ATPh and captures the target molecules
(human IgG). In addition, the experimental method presented
here can be seen as a general means for the functionalization
of 1D nano- and microstructures by single- or multi-step
reactions.

Experimental section
Chip design

The microfluidic chips were based on the open donut chip
design of our group.’® We used multilayer microfluidic chips
made of PDMS by soft lithography, with a fluid layer and a
control layer, separated by a thin and flexible PDMS mem-
brane. One chip has six open donuts (diameters 50-250 pm) in
the control layer (Fig. 1B), the other one which has eight open
donuts with small diameters of 50 and 100 pm (Fig. S4, ESI{)
was used for comparison.

TTF-Au in situ formation and functionalization

TTF-Au wires were synthesized either by injecting the two
solutions (TTF 24 mM, HAuCl; 6 mM, both in CH;CN) with a
pipette into the microfluidic chip from either side, or by
diffusing a HAuCl; solution (6 mM) into the microchannel
filled with a TTF solution (24 mM). Here, mainly the diffusion
technique was applied. Afterwards, the control layer was press-
urized to 3 bar by using N, gas to trap the wires formed in the
fluid layer. Non-trapped wires were washed away with a
solvent. Afterwards, different solutions were supplied at low
flow rates (2 to 10 pL min~") into the microchannel, in order
to avoid the flow forces to remove the structures. Also, air
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Fig. 1 (A) Photograph of the microdevice with two layers, the control
layer in dark red and the fluid layer in orange. (B) A micrograph of the
micro-channel and open-donuts. Scale bars: 300 pm. (C) Schematic of
the fabrication of the chip. (D) A wire formed inside the donut (scale bar:
100 pm) and (E) SEM image of TTF—Au wires synthesized by diffusion on
a non-bonded chip. In this case the long wire is approx. 2 pm wide and
110 pm in length. Scale bar: 10 pm.
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bubbles should be carefully avoided to keep the biomolecules,
particularly the antibodies, functional during the experiments.
We do not recover the wires after the experiment. By using our
microchips, the wires could be easily flushed away, just by
releasing the pressure on the control layer and washing with a
solvent. Afterwards, new wires could be easily formed for
further experiment by supplying new TTF and gold solutions
into the channel.

Biosensor

Dopamine (DA) hydrochloride was dissolved in an ethanol/PBS
1:1 solvent mixture (pH 7.2, PBS final concentration 10 mM)
and diluted to concentrations of 5 pM, 15 pM, 25 pM, 35 pM,
50 pM, 75 pM and 100 pM. In this experiment, the solvent
mixture ethanol/PBS (1:1, pH 7.2) was used unless otherwise
stated. CEA solution (10 mM) was firstly supplied into the
channel (5 pL min~" for 15 min), then the flow was stopped
for 15 min. After washing away excess CEA, a GA solution (5%
v/v) was supplied into the channel (2 pL min for 20 min) and
subsequently washed. Then, different concentrations of DA
solutions were pumped into the channel (2 pL min™' for
20 min). After removal of excess DA and subsequent incu-
bation with sodium cyanoborohydride (NaBH;CN, 1 mM, 2 pL
min~" for 15 min), the microchip was washed with PBS buffer
(5 pL min~" for 5 min) and then directly used for the Raman
measurement.

In addition, the modifications were proven by means of
fluorescence microscopy. Generally, a Lissamine rhodamine B
sulfonylchloride solution (100 uM, 5 pL min~" for 10 min) was
used followed by CEA incubation. After the removal of excess
Lissamine rhodamine B sulfonyl chloride using the solvent
mixture (5 pL min~', 15 min), fluorescence images were
obtained upon excitation with green light. On another chip,
6-aminofluorescein (100 pM) and NaBH;CN (1 mM) solutions
were used successively after supplying GA. The samples
without the GA treatment were exposed to 6-aminofluorescein
and NaBH;CN solutions as a negative control. Blue light and
appropriate optical filters were used for obtaining fluorescence
images.

pL-Norepinephrine hydrochloride, r-epinephrine, isopren-
aline hydrochloride, r-phenylalanine and r-tyrosine were dis-
solved in the solvent mixture to a concentration of 100 uM
separately. The functionalization procedures are the same as
those applied for DA.

Immunosensor

A DMSO/PBS 2:3 solvent mixture (PBS final concentration
10 mM) was prepared and the pH value was adjusted to 7.2.
This solution was used as a solvent unless otherwise stated.
The antigen (human IgG protein) was dissolved in the solvent
mixture and diluted into 5 nM, 10 nM, 30 nM, 50 nM and
70 nM. 4-ATPh (15 mM in CH;CN) was supplied into the channel
at a flow rate of 5 pL min™' for 15 min, then the flow was
stopped and the reaction was maintained for another 15 min.
At the same time, anti-human IgG antibody (20 pg mL™" in
10 mM PBS buffer, pH 7.4) was incubated in a 1 mL tube with
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1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, 100 mM
in PBS) and N-hydroxysuccinimide (NHS, 25 mM in DMSO) for
1 h. After washing off non-reacted 4-ATPh with CH3;CN (10 pL
min~" for 10 min) and the solvent mixture (5 pL min~" for
10 min), the structures inside donuts were incubated with an
antibody solution for 30 min by pipette diffusion. Then, the
solvent mixture was used to wash non-bonded antibodies
(5 uL min~" for 10 min). After incubation with CEA (10 mM)
as a blocking reagent, different concentrations of antigen
(human IgG protein) solutions were supplied into the channel
by pipette diffusion and incubated for 20 min. After washing
away the excess antigen using PBS buffer (5 uL min™" for
10 min), the chip was applied for in situ Raman measurements.

As in the case of the biosensor, fluorescence microscopy
was also employed to prove the wire modifications. Lissamine
rhodamine B (100 pM) was used after the incubation of
4-ATPh. Besides, the FITC-labeled human IgG antibody
(20 ug mL™" in PBS buffer, pH 7.4) was first incubated in a
1 mL tube with EDC (100 mM, in PBS) and NHS (25 mM in
DMSO) for 1 h, then supplied into the micro-channel by
pipette diffusion for 30 min. After washing away surplus FITC-
labeled human IgG antibody with PBS buffer (5 uL, min~" for
10 min), fluorescence images were obtained under blue light
excitation.

Raman measurement

Raman spectra were recorded on a confocal Raman micro-
scope (CRM 200, WITec GmbH, Germany, Nd:YAG laser,
532 nm) using an upright 100x objective (Nikon, Japan) with a
numerical aperture (NA) of 0.9. The laser power was 1.4 mW,
and the accumulation time was 2 s. In this measurement, all
the signals are collected from large TTF-Au wires (diameter,
approx. 2 pm), due to the very small laser point (about
400 nm). Raman spectra were obtained from six wires and
averaged to represent the Raman results.

Results and discussion
TTF-Au wire formation

TTF-Au wires were formed in a double-layer microchip which
has several donut-like features with different diameters and an
opening of 25 pm (Fig. 1A-C)."® This multilayered microfluidic
chip combines the ability to synthesize the wires inside the
fluid layer channel and the immobilization of wires by pressur-
izing the control layer with nitrogen gas. There are two advan-
tages in using this chip, firstly the wires trapped in pneumatic
cages are not exposed to the shear forces of the fluid flow, and
secondly, the fluids can diffuse into the donut traps through
the openings, which enable the wires to encounter solutions.
In addition, fluids can be easily washed away by using solvents
(Movie S1, ESIY). In a typical synthesis of TTF-Au wires, a TTF
solution was introduced into the device and afterwards, hydro-
gen tetrachloroaurate (6 mM in acetonitrile) was added to the
inlet reservoirs. The slow diffusion enabled the electron trans-
fer between the two reactants and the fast in situ formation of

7898 | Analyst, 2015, 140, 78967901

View Article Online

Analyst

TTF-Au wires, which were easily monitored on an optical
microscope (Fig. 1D and Movie S2, ESI{) and also demon-
strated by SEM and energy-dispersive X-ray spectroscopy
(Fig. 1E, S3, ESIT). With this diffusion technique, the formed
wires were about 2 pm in diameter and varied in length (tens
to several hundred micrometers), thus different traps in the
control layer were used to immobilize different lengths of
wires. A similar chip with many small diameter traps was ana-
lysed as well for trapping of more wires (Fig. S4, ESI{).

Label-free biosensor for catecholamines

Due to the presence of Au(0), TTF-Au wires could be further
modified. Here we applied two different wire functionalization
protocols. Firstly, to find out whether the TTF-Au wires can be
used for the sensitive label-free detection of catecholamines,
we applied the modification of the wires as indicated in
Scheme 1. Using this method, catecholamines can be co-
valently bonded to the wire and directly monitored by their
Raman signals, i.e. the analyte is identified by its Raman spec-
trum. To confirm the formation of the self-assembled mono-
layer (SAM) of CEA and the binding of GA, fluorescent probes
were added after each step that reacted with the terminal
groups of the substrates (Fig. 2, see Fig. S5, ESIf for mecha-
nisms). Generally, Lissamine rhodamine B sulfonylchloride,
an amino-active fluorescent compound and 6-aminofluore-
scein (aldehyde-active) were utilized separately after the wires
were trapped on different chips (Fig. S6, ESIT). The fluorescent
wires in Fig. 2A demonstrated the reaction between the amino
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Scheme 1 Functionalization of the TTF-Au wire for the sensing of
amines (RNH,). Step 1: formation of the CEA self-assembled monolayer
(SAM) by the Au—S bond; step 2: binding of GA to form a Schiff base;”
step 3: (1) binding of analytes with the amino group (analyte-NH,) and
(2) treatment with NaCNBH; to form the stable secondary amine

Fig. 2 Fluorescence images of the trapped wires after reaction with (A)
10 mM CEA, 100 pM Lissamine rhodamine B sulfonylchloride, and (B)
10 mM CEA, 5% GA, 100 pM 6-aminofluorescein and 1 mM NaCNBH3z
separately. Scale bars: 100 pm.
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groups and Lissamine rhodamine B sulfonylchloride, which
proved the formation of SAM of CEA on the wire surface. Simi-
larly, Fig. 2B confirms the reaction between the aldehyde
group and 6-aminofluorescein, which proved the successful
binding of GA to SAM of CEA. In addition, a control experi-
ment without GA was performed, which showed no fluore-
scence even after the reaction with 6-aminofluorescein
(Fig. S7, ESI¥). Next, catecholamines including dopamine (DA),
norepinephrine (NE), epinephrine (EPI) and isoprenaline (ISP)
(Fig. S8, ESIf) were detected separately by the proposed
method. Micro-Raman spectroscopy was performed to acquire
signals from every single wire. It has been reported that the
TTF-Au wire had a typical Raman peak at around 1426 cm™*."?
Compared to the spectra of the single TTF-Au wire, two
additional Raman peaks at 1268 cm™' and 1476 cm™'
appeared after the binding of DA to the modified wire
(Fig. S9A, ESIT), which clearly demonstrated the binding of DA
to GA." In addition, NE showed similar spectra to DA, with
the typical bands at 1268 cm™' and 1479 cm™" (0-3 cm™*
shifted from the corresponding bands in DA), and a slightly
lower intensity than DA (Fig. S9A, ESIT). However, EPI and ISP
only yielded very weak Raman bands (Fig. S9A, ESIt), which
may be due to their weak Raman intensities.”® To show the
selectivity of the system, aromatic amino acids that are related
to the formation of neurotransmitters, phenylalanine (Phe)
and tyrosine (Tyr) (Fig. S8, ESIt), were also detected for com-
parison. As expected, Phe and Tyr exhibited totally different
Raman bands with DA (Fig. S9B, ESIf). Thus, using the pro-
posed sensor, we can clearly distinguish catecholamines from
other bioamines that have Raman bands in the similar range
(1200 em™"-1700 ecm ™).

Furthermore, quantitative measurements were performed
using dopamine, a well-known neurotransmitter.>" Although
DA has a weak Raman signal,>* we observed obvious changes
in the intensity of the Raman response with the increasing
concentration from 5 uM to 100 pM (Fig. 3A). Typically, the
signal intensity at 1476 cm™" can be used for the quantifi-
cation of DA. For data analysis, we applied a subtracted base-
line to calculate the peak intensity at 1476 cm™' (Fig. S10,

z
=
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Fig. 3 (A) Representative Raman spectra of the biosensor for increasing
concentrations of DA from 5 pM—-100 pM. (B) Raman intensity at around
1476 cm™ for different concentrations of DA after data correction. The
inset figure shows the linear relationship in the concentration range
from 5-50 pM (coefficient of determination, R*> = 0.9968). Error bars
indicate standard deviations from six measurements.
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ESIT) that was plotted against the DA concentration. The
relationship between Raman intensities and different concen-
trations at the micromolar level of DA is shown in Fig. 3B. In
addition, a linear response was obtained between the Raman
intensity and DA in the concentration range from 5 to 50 pM
(Fig. 3B inset). The detection limit of this technique (~15 pM)
is lower than that of the recently reported method® (~100 uM)
which is also based on the Raman measurement.

Label-free immunosensor for human IgG

Next, to evaluate whether a microfluidic integrated TTF-Au
wire system can be used for sensitive label-free immunoassay,
we have applied another functionalization protocol and tested
it for the detection of human IgG. Here, we used the phenol-
based Raman reporter molecule, 4-ATPh, as a linker between
the wire and the capture antibody. Former studies proved that
4-ATPh is a nano-mechanical stress sensor that can be
employed as an indicator for the binding of antigens to
antibodies as the deformation in the stretching mode of
the benzene ring upon binding events results in changes
in Raman frequencies of 4-ATPh.'>** The Raman shifts
correspond to different concentrations of antigens binding to
antibodies. Scheme 2 shows the procedure for the functionali-
zation of the wire. As in the label-free sensor for catechol-
amines (Fig. 2), fluorescently tagged compounds were bound
to the wires to demonstrate the formation of the SAM of
4-ATPh and the binding of the antibodies to the wire (see
Fig. S11, ESI} for mechanisms). After the immobilization and
functionalization of the wires (Fig. S12 ESI}), their fluore-
scence clearly demonstrated the reaction between Lissamine
rhodamine B and the SAM of 4-ATPh (Fig. 4A), as well as the
successful binding of pretreated FITC-labelled anti-human IgG
antibody (Fig. 4B). Afterwards, the immunoassay of human
IgG in combination with the proposed sensor by Raman spectro-
scopy was performed. Fig. 5A shows the Raman spectra of
pure solid 4-ATPh, TTF-Au and the substrate of TTF-Au/
4-ATPh. Pure 4-ATPh shows typical peaks at 390 cm™", 470 cm ™,
1092 ecm ™" and 1597 cm™" (curve a), and TTF-Au shows charac-
teristic Raman bands at 506 cm™' and 1426 cm™"' (curve b).
Compared to the spectra of pure 4-ATPh, the absence of the
peak at 470 ecm ™" and the shifts of peaks from 1092 cm™ and
1597 cm™" to 1080 cm™" and 1581 cm™", respectively, in the
spectra of TTF-Au/4-ATPh (curve c) indicate the formation of

NH, NH, NH,
SH s s T ';’) :‘:‘; 1) CEA  NHNA NHNANH
@ATPh) | | 00H . AT b bl i

W e L) Y QL e,
TTF-Au  Step1 SAM Step 2 Step 3

9—Antigen Y—Antibody

Scheme 2 Functionalization of the TTF-Au wire for immunoassay.
Step 1: SAM of 4-ATPh; step 2: immobilization of the capturing antibody
(anti-human 1gG) by using EDC/NHS. Step 3: (1) blocking the unreacted
wire surface by CEA and (2) antigen (human IgG) binding.
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Fig. 4 Fluorescence images of the trapped wires after reaction with (A)
15 mM 4-ATPh and 100 uM Lissamine rhodamine B sulfonylchloride; and
(B) 15 mM 4-ATPh and 20 pg mL™! FITC-labeled human IgG antibody
(pretreated with EDC/NHS). Scale bars: 100 pm.
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Fig. 5 (A) The Raman spectra of pure 4-ATPh (curve a), TTF-Au wire
(curve b) and TTF-Au/4-ATPh (curve c). (B) Representative Raman
spectra of the immunosensor in the presence of increasing concen-
trations of human IgG range from 0 nM to 70 nM. (C) Raman peaks at
around 1580 cm™ of the representative spectra of the immunosensor of
TTF-Au/4-ATPh/anti-human IgG in the presence of increasing concen-
trations of human IgG. (D) Corresponding Raman peak shifts to different
antigen concentrations. The inset figure shows the linear relationship
in the concentration range from 0-50 nM (coefficient of determination,
R?> = 0.9855). Error bars indicate standard deviations from six
measurements.

the SAM of 4-ATPh on TTF-Au wires.>* The spectra of the anti-
body-conjugated wire (TTF-Au/4-ATPh/anti-human IgG) incu-
bated with different concentrations of antigen varying from
0 nM to 70 nM are shown in Fig. 5B. The typical Raman peaks
around 1580 ecm ™, corresponding to the benzene ring stretch-
ing of 4-ATPh, are responsive to the antibody-antigen
binding.>® As is clearly visible in the high magnification
spectra in Fig. 5C, with an increasing concentration of human
IgG ranging from 0 to 70 nM, the Raman frequencies of the
sensor shifted to higher wavenumbers for about 5.7 cm™" as
expected. Fig. 5D shows the calibration curve of the immuno-
assay. A good linear response was obtained for an antigen
concentration below 50 nM (Fig. 5D inset). The plateau for
larger concentrations indicated saturation of the antigen-
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antibody complex. This method is very sensitive with a low
limit of detection (~5 nM).

In our experiment, due to the larger diameter of the wires
(approx. 2 pm, Fig. 1E) than the Raman laser point (400 nm),
we were sure that all the Raman signals were collected
from the structures. Together with the reasonable small error
bars obtained from different wires, the reproducibility of the
two proposed protocols was also well demonstrated (Fig. 3D
and 5D).

Conclusions

In conclusion, we have reported an integrated TTF-Au wire
based microfluidic system with a sensitive label-free bio-
sensing capability. With this method, the direct sensing of
catecholamines involving dopamine and the indirect sensing of
human IgG were achieved, both in concentration ranges com-
parable to the recently reported work, but here on single
wires.'>?? Due to the similar structures and Raman spectra of
dopamine and its carbon-hydroxylated product norepine-
phrine, the proposed direct sensing method still lacks high
selectivity in distinguishing these catecholamines, which is
also a limitation of former studies using Raman spectro-
scopy.>® However, the two approaches reported herein are of
general interest for various hybrid structures with active sur-
faces and open a new way for in situ formed micro- and nano-
wire sensing devices with integrated delivering systems. In the
future, by improving the positioning and alignment of the
wires inside the microchip, a single micro-/nanowire sensor
system can also be fabricated, which is very attractive as
advanced sensing tools for chemicals and biomolecules, e.g.
for single-cell analysis methods.
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