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Abstract: A biosensor taking advantage of the optical prop-
erties of sorted carbon nanotubes has been developed. A
polyfluorene polymer bearing azido groups was synthesized
and used for the selective extraction of semi-conducting
nanotubes from the bulk population. The resulting polymer-

decorated nanotubes were then conjugated by click-chemis-
try to a ligand unit (biotin), and the sensing properties of
the biotinylated nanotubes were investigated by photolumi-
nescence measurements, upon interaction with the strepta-
vidin target.

Introduction

The selective detection of compounds of biological interest
with high sensitivity is crucial as regards health issues. Indeed,
early detection and diagnosis permit rapid implementation of
an appropriate therapeutic treatment, which in turn maximizes
the chances of a patient’s recovery. Access to efficient systems
for the detection of trace amounts of specific biomarkers thus
appears of utmost importance and biosensors have been de-
veloped for this purpose. These devices usually consist of
three components: 1) A sensing unit; 2)a physicochemical
transducer, and 3) a signal processor. Two approaches currently
exist for the detection of biomolecules, namely labeled assays
that detect binding events using radioactive or fluorescent
tags,!" and label-free assays,” which do not require any tags.
Label-free assays display some advantages such as direct
measurements in complex samples, no alteration of the initial
biological binding event, faster and accurate measurements,
possible quantization, and no interference from the labels. In
addition, label-free assays benefit from real-time readout and
therefore faster analysis. Among the various label-free biosen-
sors developed to date, carbon nanotube-based systems have

[a] Dr. E. Villemin, Dr. E. Gravel, Dr. E. Doris

CEA, IBITECS, Service de Chimie Bioorganique et de Marquage

91191 Gif-sur-Yvette (France)

E-mail: eric.doris@cea.fr

Dr. N. Izard, Dr. L. Vivien

Institut d’Electronique Fondamentale, UMR8622, CNRS—Univ. Paris-Sud,
91405 Orsay (France)

E-mail: laurent.vivien@u-psud.fr

Dr. N. Izard

Laboratoire Charles Coulomb, CNRS-UMR 5221, Univ. Montpellier, 34095
Montpellier (France)

[b

[c

[d] Dr. A. Filoramo
CEA, IRAMIS, Nanosciences et Innovation pour les Matériaux, la Bioméde-

cine et 'Energie, LICSEN, 91191 Gif-sur-Yvette (France)

Supporting information for this article is available on the WWW under
http://dx.doi.org/10.1002/chem.201503741.

Chem. Eur. J. 2015, 21, 18649 - 18653 Wiley Online Library

18649

recently emerged as innovative tools for the highly sensitive
detection of biomolecules.” Thanks to their unique electronic/
optical properties, combined with high specific surface area
and device miniaturization, single-walled carbon nanotubes
(SWCNTs) are appealing materials for such applications. Most
biosensing platforms involving SWCNTs as transducers exploit
either electronic or electrochemical detection in transistor-
based or amperometric/voltametric set-ups, respectively.” Al-
though convincing devices have been reported in the litera-
ture, biosensors taking advantage of the peculiar optical prop-
erties of SWCNTs have yet to be developed.

In this communication, we report the use of polymer-deco-
rated single-walled carbon nanotubes as transducers for the
detection of compounds of biological interest. Our approach
relies on the design of an original polymer made of a polyfluor-
ene backbone. The latter was used for the selection of semi-
conducting SWCNTs of specific chiralities/optical properties
and for the introduction of functional groups onto the surface
of the tubes. The polymer-coated nanotubes were then func-
tionalized with ligand units, and evaluated for the detection of
a target biomolecule, by monitoring the changes in the
SWCNTs' optical properties. The use of fluorene-based poly-
mers for the selective recognition/extraction of some semi-
conducting SWCNTs is known and well-documented.” The pro-
cess involves preferential steric and electronic interactions of
the polymer-backbone with nanotubes that are extracted de-
pending on their chirality. For the development of our SWCNT-
based biosensor, the design and synthesis of an original poly-
mer was required to achieve two major goals: 1) The selective
dispersion of individual SWCNTs with optical properties that
are suitable to probe biomolecule interactions (i.e., semicon-
ducting nanotubes of specific chirality) and 2) the introduction
of reactive chemical groups on the tubes’ surface to permit
the grafting of target-specific ligands.
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Results and Discussion

Design and synthesis of the functional polymer

Previous reports have shown that among known polymers pre-
viously used for SWCNT isolation, commercially available
poly[9,9-dioctylfluorenyl-2,7-diyl] (PFO, average MW of 53 kDa)
gave the best results in terms of selectivity.**® We therefore
reasoned that our functional polymer should have a chemical
structure as close as possible to that of PFO. However, anchor-
ing sites have to be introduced on the polymer for further
chemical derivatization with a ligand unit. For this purpose, we
selected azido groups, considering the versatility of the “click”
conjugation reaction, and undertook the synthesis of an azido-
containing PFO-polymer.”’ Thus, a new functional polymer was
designed as a co-polymeric structure consisting of two differ-
ent blocks, one of which was 9,9-dioctylfluorene-2,7-bis(trime-
thylborate) 1 (commercially available), whereas the other (2,
bearing reactive functions) was derived from 2,7-dibromofluor-
ene. The latter was bis-alkylated at the C-9 position under
basic conditions in the presence of an excess of 1,7-dibromo-
heptane, leading to bis-brominated fluorene 2.

Monomers 1 and 2 were then co-polymerized through a pal-
ladium-mediated Suzuki cross-coupling reaction to yield conju-
gated polymer 3, which had an average molecular weight of
40 kDa, as determined by gel permeation chromatography.
Treatment of 3 with NaN; in excess permitted the formation of
the final functional polymer 4 bearing “clickable” azido groups
(Scheme 1) With polymer 4 in hand, we next evaluated its
ability to extract semi-conducting species from a mixture of
carbon nanotubes.

Selective extraction of semi-conducting nanotubes from
bulk SWCNTs

Commercially available HiPCO SWCNTs were suspended in tol-
uene and submitted to tip-ultrasonication in the presence of
polymer 4. This process enabled the polymer to disrupt nano-
tube bundles and adsorb at the surface of a sub-population of
nanotubes. The polymer-decorated nanotubes were found to
be dispersible in toluene and were separated from polymer-
free SWCNTs (non-dispersible) by ultracentrifugation (1 h,
1500009g). At the end of the centrifugation cycle, the non-dec-
orated nanotubes formed a pellet at the bottom of the centri-
fuge tube and were discarded, whereas those in interaction
with 4 remained in suspension and were collected (Figure 1).
Analysis of the supernatant by different spectroscopic tech-
niques permitted us to determine the chirality of the selected
nanotubes that were extracted in less than 1% yield (based on
total mass of starting nanotubes).

Characterization of the SWCNT-polymer assembly

The UV/Vis-NIR spectrum of the supernatant fraction (Fig-
ure 2a) showed characteristic adsorption bands of semi-con-
ducting nanotubes in the 1000-1500 nm region but also an
additional absorption band of the polymer 4 centered at ap-
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Scheme 1. Synthesis of functional polymer 4. i) 1,7-Dibromoheptane

(10 equiv), TBAB (0.2 equiv), aq. KOH (50 wt %), N, atm., 75°C, 6 h; ii) 1

(1 equiv), 2 (1 equiv), Pd(PPh;), (0.1 equiv), TBAB (0.1 equiv), Na,CO;

(12 equiv), toluene/water 2:1, N, atm., 80 °C, 48 h; iii) NaN; (3 equiv), DMF,
60°C, 18 h.

Addition of azide-functionalized
PFO-based polymer 4

Toluene suspension of as-purchased
mixture of SWCNTSs (different species)

Separation
(centrifugation)

===

Extracted SWCNT@4

Specific interaction of 4 with certain
species (sonication)

Figure 1. Extraction of semi-conducting species from a mixture of HiPco
SWCNTs with functional polymer 4.

proximately 560 nm (m-wt* transitions). From this spectrum, it
appeared that polymer 4 was able to select carbon nanotubes
with a chiral index (n,m) of (7,5), (7,6), (8,6), (87), and (9,7).

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Characterization of the SWCNT@4 assembly: a) UV/Vis-NIR spectra
of 4 (dashed grey curve) and SWCNT@4 (black curve); b) PL spectrum of
SWCNT@4 (exc. 734 nm); ¢) RBM bands on the Raman spectra of bulk
SWCNTs (dashed grey curve) and SWCNT@4 (black curve) excited at 660 nm;
d) RBM bands on the Raman spectra of bulk SWCNTs (dashed grey curve)
and SWCNT@4 (black curve) excited at 514 nm.

These species were observed in the 600-800 nm (S,, transi-
tions) and 1000-1500 nm (S;; transitions) regions of the UV/
Vis-NIR spectrum.

The photoluminescence (PL) spectra of the SWCNT@4
sample (excitation at 734 and 803 nm) confirmed the selection
of semi-conducting nanotubes of chiralities that are consistent
with previous reports.”*“%¢ |n fact, the selectivity of polymer 4
was close to that reported for commercial PFO, despite the
presence of an additional band around 1075 nm that was as-
signed to (10,2)-tubes (Figure 2b). However, from the above
analyses, it seemed difficult to rule-out the presence of metallic
SWCNTs, which could impede the performance of the final op-
tical biosensor.

To confirm that the polymer was fully selective of semi-con-
ducting nanotubes, Raman spectroscopy of the extracted
SWCNTs was recorded at two specific wavelengths (i.e., 514
and 660 nm) and the data were compared to those of bulk
HiPCO tubes.

As Raman spectroscopy is a resonant process, the allowed
optical transitions can be reported on a plot as a function of
the diameter of the nanotube. Also known as a Kataura plot, it
anticipates that both metallic and semiconducting HiPCO
nanotubes are simultaneously probed at 514 and 660 nm.”!
Figure 2c and d display the Raman spectra in the radial breath-
ing mode (RBM) range (v below 300 cm™') of pristine and of
polymer-decorated SWNTs. At 660 nm (Figure 2¢c), higher fre-
quency RBMs (225-300 cm™') are attributed to semi-conduct-
ing nanotubes and lower frequency RBMs (150-225 cm™') to
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metallic ones. Comparison of the Raman spectra of the extract-
ed and bulk SWCNT population showed the disappearance of
RBM bands in the 150-225nm regions in the extracted
sample. On the contrary, at 514 nm (Figure 2d), higher fre-
quency RBMs (225-300 cm™") are attributed to metallic nano-
tubes and lower frequency RBMs (150-225 cm™') to semicon-
ducting ones. Again, comparison of the Raman spectra of the
extracted and bulk SWCNT population showed the disappear-
ance of higher frequency RBM bands in the extracted sample.
In addition, the Raman spectra of the bulk CNT in the tangen-
tial mode (1400 < v, < 1600 cm™) is broader and more asym-
metric (Breit-Wigner-Fano line shape) than that of the extract-
ed samples (Figure S1 in the Supporting Information). This is
also in accordance with the selective extraction of semi-con-
ducting CNTs by polymer 4. These results thus confirmed the
absence of metallic SWCNTs in the extracted sample, which
contained only semi-conducting SWCNTs.[5'?

Grafting of the ligand units on the polymer-decorated
SWCNTs

Semi-conducting SWCNTs decorated with the azido-polymer
constitute a versatile platform for the immobilization of a varie-
ty of either ligands or receptors. Indeed, azido groups are able
to selectively react with alkynes through 1,3-dipolar cycloaddi-
tion reactions. Also known as the Huisgen cycloaddition or
“click” reaction, the process can efficiently be catalyzed by
cuprous salts, to afford triazole groups connecting the azido
and alkyne partners. As a matter of fact, most biomolecules
can be derivatized with an alkyne moiety capable of chemo-
selectively reacting with the azido groups borne by polymer 4.
To demonstrate the usefulness of our SWCNT@4 construct in
the detection of biomolecules, the streptavidin-biotin couple
was chosen as a model target-ligand system. Streptavidin is
a bacterial protein that has very high affinity towards biotin
with a dissociation constant in the order of 10~ molL~"."?

First, biotin succinimidyl ester was reacted with propargyl-
amine to provide access to the alkyne-biotin derivative 5.'*
The latter was then submitted to the “click” reaction with
SWCNT@4 in a mixture of toluene/water and in the presence
of CuBr, PMDETA (N,N,N',N",N"-pentamethyldiethylenetriamine),
and sodium ascorbate, under nitrogen at room temperature.
After 24 h of reaction, biotinylated construct SWCNT@4-biotin
(Scheme 2) was produced and characterized by various spec-
troscopic techniques. First, the UV/Vis-NIR spectrum of
SWCNT@4-biotin was recorded and indicated an overall de-
crease in intensity of absorption bands in the 1000-1500 nm
region, although no significant shifts were detected when
compared to SWCNT@4 (Figure S2 in the Supporting Informa-
tion).

The PL spectrum of SWCNT@4-biotin (Figure 3b) was also
similar to that of SWCNT@4 with, however, some minor shifts.
The relative intensities of the different bands were also affect-
ed as the ratio of the PL intensity of the (8,6) and (8,7) SWCNTs
(lgg/ls7) dropped from 1.2 to 0.95 after the conjugation to
biotin (Figure 3a). Taken together, these subtle changes in the
UV/Vis-NIR and PL spectra suggest effective covalent attach-
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Scheme 2. Grafting of biotin units on SWCNT@4. i) Propargylamine

(1.5 equiv), NEt; (2 equiv), DMF, room temp., 24 h; i) SWCNT@4 (1 equiv), 5
(2 equiv), CuBr (1 equiv), PMDETA (1 equiv), sodium ascorbate (2 equiv), tolu-
ene/H,0, N, atm., room temp., 24 h.

a) b)

(8.,6)

SWCNT@4

l« click » with 5

PL (a.u.)

1000 1100 1200 1300 1400

SWCNT@4-biotin Wavelength (nm)

Figure 3. a) Decoration of the SWCNT@4 assembly with biotin through
“click” chemistry; b) PL spectra of SWCNT@4 (black curve) and SWCNT@4-
biotin (grey dashed curve).

ment of the biotin unit to the polymer-coated nanotubes. The
SWCNT@4-biotin platform was thereafter evaluated for the se-
lective sensing of streptavidin.

Selective detection of streptavidin using the SWCNT@4-
biotin biosensor

The SWCNT@4-biotin assembly was studied in interaction with
streptavidin. First, a thin film was obtained by drop casting the
SWCNT@4-biotin suspension on a glass surface before a solu-
tion of streptavidin (10 um in water) was deposited. After
a couple of minutes, streptavidin in excess was washed with
water (5x60 uL), and the PL spectrum was recorded. Compari-
son of the optical properties of the SWCNT@4-biotin film
before and after addition of streptavidin was performed to de-
termine whether the target-ligand (i.e., streptavidin—biotin) in-
teraction could be detected. As shown in Figure 4a, obvious
shifts were observed in the PL spectrum of the sample that in-
teracted with streptavidin, as the band corresponding to (8,6)-
SWCNTs underwent a marked 10 nm redshift, whereas that of
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Figure 4. a) Specific interactions monitored by comparison of the PL spectra
of SWCNT@4-biotin before (grey dashed curve) and after (black curve) addi-
tion of streptavidin; b) Non-specific interactions monitored by comparison
of the PL spectra of SWCNT@4 before (grey dashed curve) and after (black
curve) addition of streptavidin.

(8,7)-SWCNTs was blueshifted by 12 nm. For affinity-based sys-
tems with lower association constants than the biotin-strepta-
vidin couple, it is likely that higher concentrations of the target
will be required to saturate the low-affinity interactions.

To confirm that the observed shifts were due to specific in-
teractions between the biotin ligand and the streptavidin
target and not to non-specific interactions with the nanotube
surface, a control experiment was performed. A film of the
non-biotinylated SWCNT@4 was deposited on the glass surface
and, as above, streptavidin was added. In this case, no spectral
shift of the associated PL spectrum (Figure 4b) was detected
upon addition of streptavidin, demonstrating that specific
biotin—streptavidin interactions were responsible for the modi-
fications of the optical properties of the SWCNT@4-biotin as-
sembly.

Conclusions

An original polyfluorene-based polymer bearing azido groups,
which allow easy conjugation of a wide array of biologically
relevant ligands, was designed. The polymer was used to ex-
tract specific semi-conducting species (excluding metallic
nanotubes) from a commercial mixture of single-walled carbon
nanotubes with excellent selectivity. The polymer-decorated
tubes were then further modified by conjugation of a model
ligand (biotin) and drop-casted on a glass surface. The sensing
properties of the system were investigated by photolumines-
cence studies. Upon specific interaction with the streptavidin
target, the PL of the nanotubes exhibited marked shifts. Taken
together, these results demonstrate the concept of a new type

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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of biosensor relying on the optical properties of carbon nano-
tubes, rather than on transport properties and resistivity modi-
fications."™ The azide-functionalized platform can accommo-
date virtually any ligand or receptor and thus be adapted to
the specific detection of a variety of disease markers or other
analytes of interest. The integration of nanotube-based trans-
ducers into silicon-based photonic structures could offer, in the
near future, the possibility of simultaneous and real-time de-
tection of multiple target molecules.!”
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