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Abstract: Single-walled carbon nanotubes (SWCNTs) are
a 1D nanomaterial that shows fluorescence in the near-infrared
(NIR, >800nm). In the past, covalent chemistry was less
explored to functionalize SWCNTs as it impairs NIR emission.
However, certain sp’ defects (quantum defects) in the carbon
lattice have emerged that preserve NIR fluorescence and even
introduce a new, red-shifted emission peak. Here, we report on
quantum defects, introduced using light-driven diazonium
chemistry, that serve as anchor points for peptides and proteins.
We show that maleimide anchors allow conjugation of
cysteine-containing proteins such as a GFP-binding nanobody.
In addition, an Fmoc-protected phenylalanine defect serves as
a starting point for conjugation of visible fluorophores to
create multicolor SWCNTs and in situ peptide synthesis
directly on the nanotube. Therefore, these quantum defects
are a versatile platform to tailor both the nanotube’s photo-
physical properties as well as their surface chemistry.

Introduction

Since their discovery single-walled carbon nanotubes
(SWCNTs) attracted a lot of attention not only because of
their unique chemical structure, but also because of their
outstanding photophysical properties such as non-bleaching/
blinking near-infrared (NIR) fluorescence.’ This NIR
fluorescence is beneficial especially for bioimaging as the
emission wavelength of SWCNTSs falls into the so-called
tissue-transparency window where the absorption of water,
hemoglobin, and lipids reaches a combined minimum and
scattering is reduced compared to that of visible light.”!
Consequently, SWCNTs already found application in diverse
settings ranging from in vivo NIR imaging!®® over drug
delivery vehicles'” to NIR optical sensors.""" In order to
carry out their desired function in these important applica-
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tions, the pure carbon tube has to be modified with, for
example, the cargo to be carried or a recognition unit
imparting specificity for the analyte to be detected. Further-
more, carbon nanotubes are not water-soluble, preventing
applications in aqueous systems unless the hydrophobic
surface is coated with an amphiphilic surfactant.? In the last
20 years, both covalent and noncovalent functionalization
have been employed for the decoration of SWCNTs with
functional units. Noncovalent functionalization such as ad-
sorption of DNA is by far the most frequently applied
approach owing to its ease-of-use and mild conditions.*'!
Furthermore, conformational changes of the coating mole-
cule can directly translate into changes of the NIR fluores-
cence, which is interesting for sensing."**! On the other hand,
covalent functionalization leads to more stable conjugates,
but destroys the SWCNT’s extended m-network and thus also
the NIR fluorescence.>®! In 2017, Setaro etal. reported
preserved fluorescence by using a [2+41]-cycloaddition with
electron-poor aromatic nitrenes, which they also used for the
attachment of gold nanoparticles and spiropyranes.” Very
recently, Godin et al. used spyropyran-switchable SWCNT's
for NIR superresolution microscopy,?”) while Chio et al. used
the same nitrene [241]-cycloaddition for the attachment of
small molecules such as biotin.”"!

However, sp® defects can not only diminish the NIR
fluorescence, but were also found to modulate it depending
on the nature and density of the defects. In 2010, Ghosh et al.
reported on a NIR emission peak red-shifted by approx-
imately 130 nm (termed E;;") upon introduction of oxygen
defects.”” Later, Piao et al. observed a similar peak shift and
enhanced fluorescence quantum yield upon introduction of
aryl defects using diazonium salts (quantum defects).” This
technique also enabled tuning of the defect fluorescence both
in terms of intensity and emission wavelength via different
substituents on the aryl/alkyl defect.?!=!

In the last years, a number of different oxygen and aryl
defects were reported that are now very promising tools for
the generation of brighter/modified SWCNTSs,F35%1 pHE7]
and saccharideP® sensors, short fluorescent SWCNTSs for
superresolution microscopy,”” and single-photon sources for
quantum computing.'**!! Furthermore, this new defect-in-
duced fluorescence feature moves the emission even further
into the biotransparency window, leading to even better tissue
penetration properties.[*>*]

Results and Discussion

In this work, we expand the use of quantum defects from
modulation of the SWCNTs’ photophysical properties to-
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wards using them as modular anchors for the attachment of
peptides and proteins (Figure 1). To this end, we employed an
(N-maleimido)phenyldiazonium salt (MalPh-Dz, 2), which—
after defect introduction—can be targeted by thiol-containing
molecules such as proteins, while at the same time generating
a further red-shifted E,;" emission feature (defect-carrying
SWCNTs are thus referred to as SWCNT* in the following).

We started our investigations by optimizing the narrow
window of reaction conditions™*! between sodium dodecyl-
benzenesulfonate (SDBS)-dispersed SWCNTs 1 and 4-(NV-
maleimido)phenyldiazonium tetrafluoroborate (MalPh-Dz,
2), allowing for the NIR fluorescence to be altered but not
diminished (Figure 2a). For a fast and efficient screening of
conditions (reaction time and reactant concentration, see
Figure S1), we made use of a 96-well green LED array for
SWCNT excitation driving the radical arylation reaction. The
best results were achieved when a 10 nMm SWCNT (Ceurbon
~ 530 puMm) solution (dispersed in 1% SDBS/H,0) was mixed
with 2 (100 pm) and irradiated for 15 minutes. Higher MalPh-
Dz concentrations would lead to too many defects and
diminish NIR fluorescence.”

The success of the defect reaction was monitored by NIR
fluorescence spectroscopy (Figure 2b) and the SWCNTSs’
structural integrity and colloidal stability was controlled using
Vis/NIR absorbance spectroscopy (Figure S2). The fluores-
cence spectra and the excitation/emission map (see Figure 2¢)
clearly show a growing E,;" peak at approximately 1135 nm
with increasing concentration of 2 (control 2D spectrum with
a nonmodified SWCNT/SDBS sample can be found in
Figure S3). The increased E,, /E,, ratio of the 2D versus the
1D NIR fluorescence spectrum could be attributed to
prolonged exposure to MalPh-Dz 2 before spin filtration
and measurement of the 2D spectrum or due to preferential
redispersion of MalPh-SWCNT*.

After successful introduction of (N-maleimido)phenyl
quantum defects (MalPh defects), we tested whether biomol-

25 mW green light, o
15 min, RT, 1% SDBS

0 + Nanobody
¢

SWCNT*-Nanobody conjugates SWCNT* peptide synthesis

Figure 1. Defects as a generic handle to functionalize SWCNTs. Differ-
ently substituted aryl defects are introduced into the nanotube’s
sidewall and used to conjugate biomolecules such as nanobodies (1)
or for the direct growth of peptide chains on the SWCNT* (2).

Fmoc = fluorenylmethoxycarbonyl.
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ecules can be conjugated to this anchor. As a first example, we
chose a nanobody against green fluorescent protein (GFP).
Nanobodies are the isolated antigen-binding region of heavy-
chain antibodies found, for example, in Camelidae and are
only 10% of the size of conventional antibodies.***! This
renders them very useful as binders for diverse applications
such as superresolution microscopy,*”*! live-cell immunos-
taining after modification with cell-penetrating peptides,””!
and isotopic labeling of biological samples for secondary-ion
mass spectrometry (SIMS) imaging."!! Nanobodies binding
GFP (GFP-binding protein, GBP) in particular can be used as
a platform technology due to the widespread availability of
GFP-fusion proteins or even whole genetically modified
organisms expressing GFP-fusion proteins, giving the possi-
bility to target a whole variety of proteins with just one single
conjugate. Similar to our previous (noncovalent) work,!'¥ we
used a GBP with a single ectopic C-terminal cysteine for
oriented conjugation to the MalPh-SWCNT* 3 leaving the
antigen-binding region pointing away from the SWCNT*
surface.

With the fast hydrolysis kinetics of N-aryl maleimides®™ in
mind, we evaluated both the sequential defect introduction
followed by nanobody conjugation as well as a one-step
approach combining all three reaction partners at once
(Figure 3 a). For the sequential reaction, the excess diazonium
salt 2 was removed using 300 kDa molecular weight cutoff
(MWCO) spin filters followed by resuspension of the now
naked MalPh-SWCNT#* 3 in 1x phosphate-buffered saline
(PBS, pH 7.4) and reaction with 500 equiv. (& 25 equiv. with
respect to introduced maleimides) of the nanobody 4 (16 h at
room temperature). In the one-step approach, the same
excess of GBP was added directly during the defect intro-
duction (30 minutes instead of 15 minutes for the sequential
reaction) and left to react for 16 h at room temperature as
well. After defect-introduction/bioconjugation, the excess
nanobody was removed using 300 kDa-MWCO-spin-filtra-
tion and the SWCNT#*-GBP conjugate 5 resuspended in
1xPBS using 1,2-distearoyl-sn-glycero-3-phosphoethanola-
mine-N-[methoxy(polyethylene glycol)-5000] (ammonium
salt, PL-PEGS5000). As shown in Figure S4, the redispersion
step was efficient only for the conjugate S synthesized via the
one-step approach, yielding a highly concentrated solution
(OD =1.8). Consequently, we proceeded with the resuspend-
ed conjugate 5 resulting from the one-step procedure in the
following.

Figure 3b shows the NIR fluorescence spectra of the
conjugate 5 as well as the negative control, where no
diazonium salt 2 was added, both resuspended using PL-
PEG5000. A comparison of both spectra shows successful
introduction of sp® quantum defects and E,;" emission. To
further evaluate whether these defects also contain the
covalently attached nanobody, we employed atomic force
microscopy (AFM). Here, the one-step-synthesized sample
clearly shows nanobodies attached to the SWCNT* (see
Figure 3¢, control without 2 in Figure S5) with the additional
height introduced by the GBP fitting both the value measured
by AFM (d =4.3+0.9 nm) as well as the diameter obtained
from the crystal structure (PDB: 3G9A, d =3.4-4.3 nm, see
Figure S6). In a few cases, also larger heights of SWCNT*-
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Figure 2. Light-driven introduction of maleimide-carrying quantum defects into SWCNTs. a) Schematic of the photoinduced introduction of
defects based on aqueous diazonium chemistry. Size of the structures is not to scale. b) NIR -fluorescence spectra of SWCNT*/SDBS samples
after the photoinduced defect reaction (15 min illumination) with different concentrations of MalPh-Dz. c) NIR fluorescence excitation—emission
map after introduction of the covalent MalPh defects, removal of excess 2, and resuspension in 1% SDBS (a control 2D spectrum can be found

in Figure S3).
a b 60000 —— SWCNT*-GBP (5) c
3 A o — -=-=-- SWCNT/GBP control
H o) B ';
"0 S, 40000
SDBS 500 eq. Nanobody-SH (4) 8
10000 eq. Dz-Ar-Mal (2)
1.25 mW green LED, RT, °
1% SDBS, 30 min >
g: ;:'k':)‘; MWCO spin filtration + g 20000-'
surfactant exchange to PL-PEG5000 =)
i
PL-PEG5000
1 5 0
1 1 1 1 1
800 900 1000 1100 1200 1300
Wavelength [nm]
d e MalPh-defect  + MalPh-defect -
Nanobody (4) Nanobody (4)
Surface immobilized GFP
GFP Ne
T Gl Ry GFP
£
- Incubation with | 4 15 min blocking
D (25 :rtcmm with ™ 3 ety
% 5 conjugate 5, 30 min NIR %
Merge
6« GFP-bound conjugate 5 9

Figure 3. One-pot introduction of quantum defects and nanobody conjugation to SWCNT*. a) Schematic of the one-pot defect reaction and
bioconjugation to GFP-binding nanobodies (GBP). b) NIR fluorescence spectra comparing the SWCNT*-GBP conjugate 5 and its negative control
where no MalPh-Dz was added, showing the successful introduction of quantum defects despite the simultaneous addition of the anti-GFP
nanobody. c) Atomic force microscopy (AFM) image of a SWCNT after defect/conjugation reaction to GBP. Scale bar=200 nm. The arrows point
at locations of increased height indicating the conjugation of the nanobody. The reaction conditions (low defect density, reactant concentration)
were chosen to immobilize only a few GBPs per tube. d) Measured heights of SWCNTs* only noncovalently wrapped by phospholipid-
polyethyleneglycol-5000 (PL-PEG5000), isolated GBP nanobodies, and SWCNT*-GBP show the increased height after nanobody conjugation (mean
+ SD, n >16). e) Pattern of green fluorescent protein (GFP) on a glass surface incubated with SWCNT*-GBP. The colocalization shows retained
functionality of the nanobody even after covalent conjugation to the SWCNT. Scale bars=5 um.

GBP conjugates (approximately 7 nm) were measured, which ~ blocking (with bovine serum albumin [BSA])/washing steps
could be explained by the possible side reaction of the and incubation with the conjugate 5.
diazonium salt 2 with the GBP’s aromatic residues leading to The observed colocalization of the GFP and the NIR
dimer formation. Taken together, these results indicate channel indicates retained function of the GBP even after
successful conjugation of the nanobody to maleimide-bearing  covalent conjugation to the SWCNT* (Figure 3e, control
quantum defects, which in turn are still able to modulate the = without the MalPh defect on the right and without GBP in
SWCNT*’s NIR fluorescence, yielding emission at 1143 nm.  Figure S7). This is, to the best of our knowledge, the first
As a next step, we verified that the nanobody is still able ~ covalent conjugation of a functional (immuno)protein to
to bind GFP even after covalent conjugation to the SWCNT*.  a SWCNT under preserved/enhanced NIR fluorescence.
Therefore, we immobilized GFP (patterned using polydi- After having successfully established MalPh quantum
methylsiloxane (PDMS)-based microcontact printing) on  defects as an anchor for the attachment of (immuno)proteins,
a poly-L-lysine (PLL)-coated glass surface, followed by we wanted to challenge this defect-based approach even
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further with the aim of synthesizing peptide chains directly on
the SWCNT sidewall. While there are a few reports on the use
of coiled-coil or cyclic peptides for SWCNT dispersion®®>~
and the noncovalent immobilization of RGD motifs,
covalent immobilization of peptides is less explored. Pantar-
otto et al. and Bianco etal. utilized the 1,3-dipolar cyclo-
addition of azomethine ylides for the covalent modification of
SWCNTs and for subsequent attachment of previously
synthesized, short peptides.F"**! However, this approach
destroys the SWCNT’s optical properties and rules out NIR
fluorescence imaging applications.

To use quantum defects as a starting point for peptide
growth, we synthesized a diazonium salt containing a fluore-
nylmethoxycarbonyl  (Fmoc)-protected L-phenylalanine
(Fmoc-Phe-Dz, 6) in a one-step procedure. Next, we again
optimized the conditions for defect introduction (Fmoc-Phe
defects) and evaluated the success using 1D/2D NIR fluores-
cence spectroscopy (Figure 4b,c, control 2D spectrum in
Figure S8). We carried out the Fmoc deprotection using 20 %
piperidine/DMF in a 1 mL syringe reactor equipped with
a standard 20 um pore-size frit. After washing, we coupled the
fluorophore 5(6)-carboxyfluorescein (CF) to assess address-
ability of the unprotected amine. Figure 4d shows colocaliza-
tion of the NIR and the CF channels after immobilization on
glass and washing steps using 1xPBS with 0.1 % Triton-X-100
as opposed to the negative controls [without 6 (Figure 4d) or
without Fmoc deprotection (Figure S9)]. This result shows
that the unprotected amine is still addressable and the
conjugation of carboxyfluorescein led to the generation of
covalently linked multicolor SWCNTs*.

Encouraged by these promising results, we wanted to test
next whether it is also possible to synthesize a whole peptide
sequence on the Fmoc-Phe-SWCNT* 7. Here, we chose
a positively charged hexaarginine peptide to also evaluate its
impact on SWCNT* solubility in aqueous environments
(Figure 5a). To evaluate the success of the SWCNT*-peptide
synthesis, neither the Kaiser test for free amines nor UV
measurements after Fmoc cleavage could be used due to their
insufficient sensitivities on the small scale of these experi-
ments (ngwent= 100 pmol in 1 mL solution). Thus, we decided
to couple 5(6)-CF to the N-terminus before global depro-
tection of the arginine’s side chains using a deprotection
cocktail [75% trifluoroacetic acid (TFA), 15% dichloro-
methane (DCM), 5% ddH,O, 5% triisopropylsilane (TIS)].
This was followed by tip-sonication in 1xPBS (3 min, 30%
amp, 4°C) and centrifugation (16100 g, 30 min) to remove
insoluble SWCNTs. Figure 5b shows colocalization of the
NIR and the CF channels on the single-nanotube level,
indicating successful synthesis of SWCNT*-F-R¢-CF in con-
trast to the control (without 6, see Figure S10) and retained
optoelectronic properties after TFA deprotection. In fact, the
negative control did not contain any SWCNTs, indicating
increased solubility in aqueous environments by covalent
peptide functionalization. However, due to the small number
of defects (approximately one defect per 20 nm tubel™”) the
SWCNT*-F-R4-CF (8) did not display high solubility in water
and therefore additional wrapping was used to increase the
concentration and colloidal stability. In future studies, this

[56]
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Figure 4. Fmoc-phenylalanine quantum defects and multicolor
SWCNTs. a) Strategy for defect introduction and subsequent Fmoc
deprotection followed by CF conjugation. DIPEA= N, N-diisopropyle-
thylamine, HATU = 1-[bis (dimethylamino) methylene]-1H-1,2,3-triazolo-
[4,5-b]pyridinium 3-oxide hexafluorophosphate. b) NIR fluorescence
spectra of SWCNTs treated with different concentrations of Fmoc-Phe-
Dz showing increased E;;*/E;; ratios at higher diazonium salt concen-
trations. c) Excitation—emission map of Fmoc-Phe-SWCNT* showing
the E;;* fluorescence amongst other minor SWCNT species and E;,
fluorescence. d) SWCNT*-Phe-CF immobilized on a glass slide show-
ing colocalization of the NIR (>900 nm) and the CF channels (500—
550 nm), whereas the control without sp® defects does not show a CF
signal, indicating successful conjugation. Scale bars=5 pm.

aspect could be further evaluated with higher defect densities
and/or longer peptide sequences.

As a next step we scaled up the SWCNT*-based peptide
synthesis and synthesized multiple SWCNT*-peptide conju-
gates at the same time in a 96-well format (equipped with
0.2 um pore size filters, Figure 5c). Again, the synthesis
followed the same protocol as above, yet with smaller reaction
volumes. Using this technique, we synthesized twelve differ-
ent peptide sequences directly on NIR fluorescent carbon
nanotubes. After side-chain deprotection using the same
deprotection cocktail as for SWCNT*-F-R¢-CF, the carbon
nanotubes were redispersed in an aqueous 1% DOC solution
via tip-sonication. While DOC leads to slightly red-shifted
emission compared to SDBS-dispersed SWCNT*-F-Fmoc/
SDBS (7),°**! both Figure 5d and e show the impact of
peptide sequence on the NIR fluorescence. For some
sequences the original E;; peak was almost twice as intense
as the E,,° peak—other sequences showed exactly the
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Figure 5. In situ peptide synthesis and modulation of E,;* peak intensities. a) Strategy for the generation of covalent and fluorescent SWCNT*-F-
R¢-CF conjugates based on Fmoc/O'Bu-solid-phase peptide synthesis (SPPS) followed by N-terminal CF coupling and Pbf deprotection of the
arginine side chains. b) SWCNT*-R-CF spin-coated on a glass coverslip showing colocalization of the NIR and the CF channels, indicating
successful peptide synthesis and N-terminal CF coupling directly on the SWCNT sidewall (scale bars =10 um). c) 96-Well peptide synthesis for the
generation of a SWCNT-peptide pool following the same Fmoc/O'Bu-SPPS protocol as shown in (a), yet here in a 96-well plate with filters (0.2 um
pore size). d) Normalized NIR-PL spectra before and after synthesis of two selected peptide sequences showing the modulation of the defect-
induced fluorescence. The red-shift from the protected to the unprotected sample could be attributed to the different surfactants (SWCNT*-F-
Fmoc: SDBS, SWCNT*-Peptide: DOC). e) The SWCNT fluorescence properties (in particular the E,;*/E,, ratio) depends on peptide sequence on
the sidewall (mean + SD, n=3). f) E,;*/E,, ratio increases with the number of hydrophobic residues (mean and individual values, n=6, 2, 4).

opposite behavior with the E,;" signal being 2.5-fold stronger
than the signal arising from the E;; transition (Vis/NIR
absorbance and NIR fluorescence spectra in Figure S11). A
closer evaluation of the sequence dependence of this fluo-
rescence modulation shows that the E,,"/E,, ratio decreases
with an increasing number of hydrophobic residues in the
peptide sequence attached to the defect responsible for
exciton trapping (Figure 5f). A similar effect was already
observed by Kwon et al., who found changing E,," emission
wavelengths and E;,"/E;, ratios for differently substituted
(fluoro)alkyl/aryl sp® defects.”! This interesting impact on the
SWCNT photophysics could be attributed to the peptides
folding differently on the SWCNT and changing the charge
landscape through which the exciton diffuses or where it gets
trapped, thus leading to enhanced E;;" fluorescence for less
hydrophobic sequences. Different folding of peptides is
known from noncovalent SWCNT/peptide hybrids.!! Fur-
thermore, a comparison of the sequences 9-12 consisting of
identical amino acids shows that not only the nature of the
attached amino acids, but also their sequential arrangement is
of high importance for the SWCNT#* NIR fluorescence
properties. These results demonstrate the possibilities of
employing Fmoc-protected phenylalanine defects for the
growth of peptidic chains directly on the nanotube’s sidewall
and indicate that this method can not only be used for
modulation of the SWCNTS’ fluorescence, but also to tailor
their surface properties. This in turn could enable SWCNTs
with enhanced cellular uptake/retention,®*! tailored molec-
ular recognition motifs, and novel and more stable optical
sensors operating in the NIR. Furthermore, the coupling of
a second optically active molecule (fluorophore) via a peptide

www.angewandte.org © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

sequence to a SWCNT could serve as general design principle
for molecular recognition and signal transduction. Similar to
Forster resonance energy transfer (FRET), conformational
changes upon binding to a target structure could affect the
SWCNTs’ NIR fluorescence and enable novel fluorescent
probes and labels.

Conclusion

In summary, we introduced two new sp® quantum defects
in SWCNTs, which serve as anchors for the attachment of
biomolecules. The versatility of this new functionalization
platform was demonstrated by conjugation of a GFP-binding
nanobody as an example for a protein and the synthesis of
peptides directly on the carbon nanotube surface. This new
technique for covalent decoration of SWCNTSs with biomol-
ecules opens up great possibilities for applications in (bio)-
photonics, biosensing, and biomedicine.
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