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Interactions Between Amino Acid-Tagged Naphthalenediimide
and Single Walled Carbon Nanotubes for the Design
and Construction of New Bioimaging Probes
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Zhiyuan Hu, G. Dan Pantos, Navaratnarajah Kuganathan, Rory L. Arrowsmith,
Robert M. J. Jacobs, Gabriele Kociok-Kéhn, Justin O’Byrne, Kerstin Jurkschat,
Pierre Burgos, Rex M. Tyrrell, Stan W. Botchway, Jeremy K. M. Sanders, and Sofia I. Pascu*

A new synthetic route to functionalized single walled carbon nanotubes (SWNTs) via supramolecular interactions using

a specifically designed naphthalenediimide (NDI) nanoreceptor is demonstrated. The tendency of the NDI to spontane-
ously form composites with carbon nanomaterials leads to fluorescent amino acid tagged SWNTs, which are dispersible
in widely accessible organic solvents (CHCl;, DMSO) as well as in biocompatible cell medium (EMEM, Eagle’s modified
essential medium). The X-ray crystal structure of the first iodine-tagged and amino acid-functionalized NDI molecule,
designed especially to facilitate the high resolution transmission electron microscopy (HR TEM) imaging whilst retaining
its ability to self-assemble into a nanodimensional receptor in weakly polar solvents, is also described. A new hybrid
material, NDI@SWNT, was prepared and characterized as dispersed in organic solvents and aqueous media and in the
solid state by HR TEM, tapping mode atomic force microscopy (TM AFM), scanning electron microscopy (SEM), circular
dichroism, Raman and fluorescence spectroscopies (steady-state single and two-photon techniques). Combined micros-
copy techniques, density functional theory (DFT) calculations using the Spanish Initiative for Electronic Simulations with
Thousands of Atoms (SIESTA) program and spectroscopic measurements in solution indicate that amino acid-function-
alized NDI interacts strongly with SWNTs and forms a donor-acceptor complex. Density functional theory (DFT) calcula-
tions predicted the geometry and the binding energies of an NDI molecule loaded onto a SWNT strand and the possibility
of charge transfer interactions within the hybrid. The NDI@SWNT composite translocates into cells (e.g. FEK-4, Hela,
MCF-7) as an intact object and localizes in the cells’ cytoplasm and partially in the nucleus. The NDI coating enhances the
biocompatibility of SWNTs and mediates its intracellular localization as shown by confocal fluorescence imaging and fluo-
rescence lifetime imaging (FLIM) techniques. The excited state fluorescence lifetime of the probes in cells versus solution
phase indicates that the probes remain unaffected by the change in their chemical environment within the experimental
timescale (2 h).
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1. Introduction

New synthetic routes to functionalized fullerenes and carbon
nanotubes using molecular recognition and encapsulation
techniques can lead to optoelectronic materials with nanotech-
nological applications ranging from future photovoltaics™? to
nanoreactors for controlled chemical reactions!®! and to sensors
and drug delivery devices.®! Single walled carbon nanotubes
have been studied for their potential as electronic nanodevices
with unique electron transport properties on the nano-scale.l>*!
The supramolecular encapsulation of fluorescent molecules
inside the hollow cavity of SWNTs (e.g. polythiophenes(!?) and
their self-assembly onto the surface of aromatic carbon nano-
materials (e.g. tailor-made porphyrin hosts*! or strong electron
acceptors such as water solubile perylenes!'>#4)) has been a
lively area of exploration in the quest for new nanohybrids with
potential applications ranging from new luminescent materials
for solar cells!'>3] to molecular imaging tools.[>¢89:13.15-36]

Naphthalenediimides (NDI) are emerging both as a building
block for organic nanotube creation’®”! and as a promising
class of chromophores because of their strong absorption and
fluorescence emission at visible and near IR wavelengths.3¥l NDI
fluorescence emissions show maxima between 300-800 nm,
including in the spectral region where the interference
from the autofluorescence of living cells may be bypassed;
this makes them attractive candidates as building blocks
for optical imaging probes.?**#! NDI derivatives have been
recently explored as DNA intercalators by virtue of their aro-
matic stacking with purines and pyrimidines!*>*®*’l and as
fluorescent tags for hypoxia-targeting probes such as nitroimi-
dazoles.% Due to their aromatic stacking ability, fluores-
cence and electrochemical properties, NDIs are of interest as
building blocks for biomimetic supramolecular and functional
materials.”?3 Amino acid-functionalized NDI molecules self-
assemble into helical nanotubular, supramolecular structures
from weakly polar solvents.P*>] These dynamic structures
are capable of recognizing and solubilizing fullerenes and ion
pairs:®% the Sanders group has shown that carbon materials
such as Cg sense the helicity of the NDI host environmentl®’]
whereas C;, provoked an entirely unexpected reorganiza-
tion to give a hexameric receptor.’®! The NDI supramolecular
nanotubes which have cavities with diameters in the range of
1-2 nm created by hydrogen bonding have been shown to act as
receptors for aromatic molecules including naphthalene-based
guests or fullerenes.>%¢0

Fluorescence imaging studies on fluorescent carbon nano-
tubes have thus far focused primarily on the measurement of
the steady state spatial changes in emission intensity or wave-
length [+15-19.21.23.61-68] The yse of fluorescence lifetime imaging
microscopy (FLIM) in combination with multiphoton excita-
tion and near infrared (NIR) femtosecond laser pulses is widely
used in the study of small molecule fluorophores particularly
for in vitro studies.7?l To date FLIM has been used prima-
rily on endogenous molecules such as tryptophan and common
fluorescent dyes (e.g. GFP-tagged proteins and fluorescein-
based derivatives),’37% with recent work exploring lifetime
imaging of fluorescent platinum complexes permitting for
the first time microsecond resolved emission imaging micro-
scopy.’® There are, to the best of our knowledge, thus far no
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reports on supramolecular assemblies involving carbon nano-
materials studied in cells by this method. The combination of
two-photon excitation with fluorescence lifetime imaging tech-
niques (FLIM) allows the use of near IR light to provide deeper
tissue penetration, reduced cellular cytotoxicity and scattering
and improved signal detection. Due to the defined nature of the
emission lifetime and the sensitivity of lifetime measurements,
excited state lifetime measurements could provide a powerful
means by which to study donor-acceptor complexes in cells.

We have been interested in the design and spectroscopic
investigation of new nanomaterials with light emitting prop-
erties.’”] The NDI nanotubular receptor recently developed!
should have the ability to bind via donor-acceptor interactions
to carbon nanomaterials, in an analogous manner to that found
in the exciting new hybrids containing perylenes in SWNTs-
electron acceptor composites for photovoltaic applications,
reported by the groups of Hirsch!> and Guldi.l*¥

We report our investigations at the formation of a new nano-
hybrid, denoted NDI@SWNT, in solution and on a preparative
scale. We report here for the first time, the recognition and
coating of the aromatic surface of ultra-purified SWNTs (pro-
vided by Thomas Swan Ltd, Elicarb SWNTs, and further steam-
puriffied to ensure they are free of catalytic impurities or car-
bonaceous materials from the nanotube synthesis, Supplemen-
tary Information) by a new iodine- and amino acid-derivatized
NDI. Investigations into the properties of the new material syn-
thesized (in bulk and in dispersions in CHCl;, EtOH, DMSO
and serum free aqueous cell culture media such as EMEM)
have been carried out by Raman, circular dichroism, FT IR,
UV-vis—NIR and fluorescence spectroscopies and imaged at the
nanoscale by HR TEM, SEM, EDS and TM AFM. The cellular
translocation of the resulting NDI@SWNT complex was inves-
tigated by a combination of fluorescence microscopy techniques
including fluorescence lifetime imaging and cytotoxicity assays
(MTT) in cancerous and non-cancerous cell lines. Here we have
used such techniques to probe the integrity of a new nanocom-
posite denoted NDI@SWNT in vitro. Such an approach could
aid the future understanding of the mechanism of action of
supramolecular materials at the cellular level and improve the
synthetic design of nanohybrids for biomedical imaging and
therapeutic applications.

2. Results and Discussions
2.1. Synthesis and Single Crystal X-Ray Diffraction

The direct observation of these nanodimensional aggregates
was carried out by electron microscopy techniques coupled
with energy dispersive X-ray spectroscopy (EDS) analysis on
modified NDI to include iodine (Z = 53) as a high scattering
heavy element.

The new amino acid-derivatized and iodine-tagged NDI was
synthesized from L-4-iodophenylalanine and 1,4,5,8-naphtalene-
tetracarboxylic ~ dianhydride, using a microwave-assisted
method.P*>! The molecular structure and supramolecular
architecture of NDI was determined in the solid state by single
crystal X-ray crystallography (Figure 1). The NDI molecules are
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Figure 1. a) X-ray structure of NDI: unit cell fragment, view over axis a;
b) Proposed structure of a fragment of NDI@SWNT composite: molecular
mechanics minimized representation (MM+, Forcite, Material Studio) of
NDI stacks self-assembled on the surface of a [10:10] SWNT fragment.

oriented face-on and show two amino acid groups placed anti
with respect to the aromatic core. No aromatic stacking was
observed in the unit cell but intramolecular and intermolecular
dipole interactions link up stacks of NDI molecules, whereby
the 1--(O)COH dipole interactions have rather short (3.184 A)
separations. Thus, the NDI supramolecular structure shows
weakly linked (hence flexible and likely to act as adaptive mate-
rials) tubular arrangements in the solid state, with cavities of
circa 1.24 nm filled with disordered crystallizing solvents.

To isolate NDI@SWNT on a preparative scale, a solution of
NDI dissolved in CHCI;:EtOH 4:1 (6 mg/mlL) was treated with
1 mg of pristine, steam-purified single walled carbon nano-
tubes (Elicarb, Thomas Swann Ltd, Supplementary Informa-
tion). The mixture was sonicated for 30 min (340 W), followed
by centrifugation (1500 rotations/min) and filtration (a 200 nm
pore diameter membrane). The separated solid material was
dispersed in minimum amount of CHCI;:EtOH 4:1 and the
sonication, centrifugation and filtration sequence was repeated
at least 3 times (stages 1-3 of dispersion experiment). Liquid
phases were analyzed by UV-vis, UV-vis—NIR and steady state
fluorescence spectroscopies, which confirmed the removal of
excess and weakly bound NDI and the presence of dispers-
ible SWNTs. After at least 3 cycles of dispersion/filtration, the
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resulting solid residue denoted NDI@SWNT was redispersed
in CHCI;:EtOH 4:1 (with 30 min sonication, stage 4) to give a
transparent dispersion (0.2 mg/mlL, Supplementary Informa-
tion) which was stable for days without precipitation. Formation
of stable and clear dispersions was also observed when DM SO
or aqueous cell medium (EMEM, Eagle’s modified essential
medium, phenol-red free) were used to ‘solubilise’ the NDI@
SWNT hybrid.

2.2. Molecular Modeling

In an attempt to describe the structure of NDI@SWNT, we pro-
pose a molecular mechanics (MM+, Forcite) model of SWNT
encapsulated within the supramolecular nanotubular receptor
framework of NDI based on the X-ray structure determina-
tion of the NDI (Figure 1). It has already been shown that
certain NDI networks may adjust their adaptable tubular cavi-
ties in order to encapsulate via aromatic stacking guests with
diameters in the range of 1 nm (for Cg ! or C;oP!). DFT
computational modeling was used to aid our understanding
of the geometry adopted by an isolated NDI molecule in the
presence of a SWNT and the nature of its interactions with
this aromatic guest. Here, the simplified SWNT model used
was 1.6 nm wide. A hierarchy of DFT-based codes (SIESTA,
Spanish Initiative for Electronic Simulations with Thousands
of Atomsl’’)) allowed the ab initio total energy calculations of
these large systems, thus aiding investigations of the structural
and electronic behavior of NDI absorbed onto SWNTs (Figure 2
and Supplementary Information). To examine more closely the
interaction between an isolated NDI molecule and SWNT sur-
face we modelled at the DFT level a simplified capped model
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Figure 2. DFT-level optimized geometries (SIESTA) of model
compounds: (a) a short [10,10] capped SWNT; (b) NDI mole-
cule; (c) NDI molecule bound supramolecularly onto the middle
part of a [10,10] capped SWNT (geometry A); (d) NDI molecule
bound to the tip of a [10,10] capped SWNT (geometry B).

wileyonlinelibrary.com

505

“
G
F
F
>
v
m
~




-
™
s
[
-l
wl
=
™

506 wileyonlinelibrary.com

'a\
M“h\)iié

www.MaterialsViews.com

Table 1. DFT-calculated binding energies E,(eV) and NDI-aromatic guest distances in the optimised composite geometries. For a comparison, the
gas-phase DFT estimated charge transfer at the absorbtion of NDI onto Cgo (NDI:SWNT 1:1) is also given.

System Charge transfer [NDI/ Closest C-C distances between aromatic Uncorrected binding energy ~ Corrected binding energy
aromatic surface] surface and NDI (A) (eV) Ep (unc) @ (€V) Ep (cp)”

NDI@Cqgg 0.024 3.230, 3.294, 3.307, 3.334, 3.462, 3.484, 3.523 —0.66 -0.31

NDI@SWNT (Configuration A, 0.086 3.150, 3.310, 3.455, 3.700, 4.020, 4.090, 4.140 -1.03 —-0.84

middle of SWNT)

NDI@SWNT (Configuration B, 0.044 2.926, 3.104, 3.360, 3.398, 3.587, 3.853, 3.920 -0.95 —-0.66

tip of SWNT)

Note: #Defined as described in Supplementary Information; Y Determined by the counterpoise correction (CP) method.['%?]

of a short [10,10] SWNT and two possible geometries (A and B,
Figures 2c and 2d, respectively) for the corresponding
NDI:SWNT 1:1 complex.

Geometry A) NDI decorates the sidewall of the SWNT and
Geometry B) NDI is bound face-on to the tip of the SWNT.

Table 1 shows calculated distances at the binding of NDI to
SWNTs. These compare well with the known, simpler model of
NDI molecule bound to Cg. The calculated binding energies
for the NDI interaction with the sidewall of the SWNT and to
the tip of the SWNT are —0.84 eV and —0.66 eV respectively,
indicating a m-orbital interaction between the NDI aromatic
ring and the aromatic network of the model SWNT. According
to the DFT estimated binding energies (Table 1 and Supple-
mentary materials), it is clear that the interaction between NDI
and SWNT is of a similar order of magnitude to that between
NDI and Cgy and these are both of a rather weak non-covalent
nature. In terms of binding energy values the NDI molecule
binds more strongly to a singe strand of a short and idealized
[10,10] SWNT than to a Cqy molecule. One of the limitations in
the DFT model used is the overestimation of the binding energy
caused by weak interactions.”® This has been first highlighted
for the modelling of a supramolecular benzene dimer.”>7%! For
this simple aromatic stacking model interaction DFT calcula-
tions yielded an inter-ring distance of 3.06 A and a binding
energy of —0.48 eV, whereas higher level modelling (CCSD (T))
calculations gave corresponding values of 4.1 A and —0.05 eV
respectively.””l A similar computational approach was applied
hereby (see Supporting Information), and was detailed in a pre-
vious publication.[®”]

Calculations showed that for a model NDI@SWNT com-
posite with geometry A (Figure 2c, where an NDI molecule is
bound to the middle of the SWNT strand, ca. 0.086 electrons
were transferred between a molecule of NDI and the [10, 10]
SWNT. For the NDI@SWNT composite in the tip-binding
geometry B (Figure 2d), 0.044 electrons were transferred
between NDI and the carbon nanotube. In order to investigate
the charge transfer between two adjacent NDI molecules we
performed a control calculation in the absence of SWNT, where
only two stacked NDI molecules modeled. Initial geometries
for the NDI-NDI complex were generated using a fragment of
the asymmetric unit for the X-ray structure determination. This
showed that a negligible NDI-NDI charge transfer occurs in the
absence of the aromatic guest (Cgo or SWNT).

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Our DFT-optimized model used for computational studies
considered only a very short length for the SWNT modeled
(200 nm): this allows maximum 6 NDI molecules to bind in
configuration A (to the middle part of the SWNT) and a fur-
ther 4 NDI molecules to bind in configuration B (coating the
tip of the SWNTs). According to gas-phase DFT modeling, NDI
and SWNTs are held together by non-covalent interactions
whereby approximately 2 electrons are transferred between the
nanoreceptor formed by 10 molecules of NDI absorbed onto
the outer surface of a 500 nm long capped SWNT fragment. In
solution, steady-state fluorescence spectroscopy showed a sig-
nificant quenching of NDI emission in the presence of SWNTs.
DFT calculations support the hypothesis that donor-acceptor
interactions may occur between NDI and SWNTs and that
these are similar in nature to those found in known NDI-Cg,
complexes.’]

2.3. Spectroscopic Investigations on the NDI@SWNT
Composite

Solid state FT-IR spectroscopy (Supplementary Information)
of the solid composite prepared as above suggested function-
alization associated with nanotubes, with the spectrum clearly
showing the carbonyl (C=0) stretching at 1730 cm™, C-O
stretching at 1100 cm™ and O-H band at 3300 cm™. Thus the
presence of carboxylic groups associated with the tubes due to
the amino acid tagged NDI was confirmed.

Raman spectroscopy is a powerful tool for characterizing
functionalized carbon nanomaterials:%8! gspectra shown
in were recorded for dispersed samples deposited from
CHCI;:EtOH (4:1) or DMSO using A., = 830 nm, i.e. a region of
the emission spectra of the NDI@SWNT without interference
from fluorescence emission from NDI. NDI@SWNT showed
features consistent with the occurrence of defects in the tube
surface post-functionalization with respect to free SWNTs. The
G band (which corresponds to a splitting of the E2g stretching
mode of graphite and reflects the structural intensity of the
sp?-hybridized carbon atoms) at ~1590 cm™ and a disordered
D band (generally attributed to the disordered graphite struc-
ture of the nanotubes) at ~1330 cm™! were observed. For dried
samples, deposited from CHCI;:EtOH 4:1, an increase in the
Ip/I; band intensity ratio of the NDI@SWNT solid composite
(15%) was observed compared to the Ip/Ig of free SWNTs

Adv. Funct. Mater. 2012, 22, 503-518
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(9.5%), confirming that the supramolecular functionalization of
SWNTs has occurred (Figure 4).18283]

Raman spectra of NDI@SWNT also showed a G’ band at ca.
2600 cm ™! as well as the radial breathing modes (RBM) between
140-300 cm™!. The latter signal remained largely unchanged
with respect to that of the starting material steam-purified
SWNTs in DMSO or EMEM. Several broad peaks centered at
150, 165, 189, 235, 239, and 270 cm™! are observed for pris-
tine SWNTs samples and are also visible in the spectra of
NDI@SWNT particles deposited on borosilicate glass slides
from all solvents investigated, i.e. CHCl;:EtOH 4:1, DMSO
and aqueous media EMEM). The pure SWNT sample contains
tubes with a broad diameter ranging between 1.8 and 0.8 nm.
RBM maxima indicate that tubes with diameters of 1.6, 1,
and 0.86 nm are mainly present (Supporting Information) in
the starting material used. The spectrum of NDI@SWNT
showed significant enhancement and sharpening of the RMB
peaks at 147.5, 165 and 240 cm™! respectively, with respect to
the RBMs of the pristine SWNTs used. This indicates that in
CHCI;:EtOH 4:1, NDI@SWNTs dispersions contain tubes with
diameters of 1.65, 1.47, 0.93 nm (Figure 4).

To determine the most reliable NDI:SWNT mass ratio likely
to lead to a complete binding of NDI to SWNT and stable dis-
persions (with respect to nanoparticle precipitation over 24 h) in
common solvents, fluorescence and UV-vis spectroscopic titra-
tions of NDI solutions onto SWNTs dispersions were carried out
in several common solvents (CHCl;, EtOH, DMSO) (Figure 3).
First, aliquots of 2 ug/mL of NDI were added followed by 5 min-
utes sonication prior to recording each spectrum. The optimum
NDI: SWNT mass ratio was obtained when a solution of 26 um
of NDI (21 pg/mL) was anchored onto 35 pug/ml SWNTs dis-
persed in CHCl;: EtOH 4:1, DMSO or aqueous medium EMEM
(containing up to 5% DMSO) giving the NDI: SWNT mass
ratio 0.6. secondly, the titration experiment was also repeated
by the addition of SWNTs (dispersed in CHCl;:EtOH, 20 pg/
mL aliquots) to a solution of NDI (26 um). The direct spectro-
scopic observation for the SWNT surface recognition by NDI
was thus achieved: NDI@SWNT formation on a prepara-
tive scale (using excess of NDI and the filtration/redispersion
procedure described above) as well as titration experiments
showed an extremely rapid quenching (with ca. 80% decrease
in fluorescence intensity) of the NDI fluorescence emission
in the presence of SWNTs. Titration curves obtained were
typical of very strong binding, as shown in ESI. The binding
of NDI to SWNTs appears to be too tight in solution and did
not allow an accurate determination of the association constant
using standard binding isotherms.® Similar binding curves
with extremely sharp end-points were recently observed at the
tight noncovalent binding of porphyrin oligomers to SWNTs:
the binding constant was believed to be higher than 10’ M~ in
such cases.®4

The UV-vis spectroscopy of NDI@SWNT recorded in
aqueous medium (EMEM) or in organic solvents CHCI;,
CHCI;/EtOH, DMSO and EtOH showed very similar features
(Figure 3). UV-vis spectroscopy showed that both NDI@ SWNT
and free dye NDI have broad and complex excitation spectra
with three characteristic maxima in the 300-400 nm region.
The occurrence of a new band was observed in the UV-vis
spectra of samples containing SWNTS (A, = 280 nm), as well
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as significant broadening and red-shifting of the bands in the
388 nm region. In DMSO or in aqueous cells media (EMEM
containing 1% DMSO), NDI@SWNT dispersions showed a ca.
6 nm red-shift of the band at 388 nm compared with the organic
solvents investigated (CHCl;, EtOH). This suggests that the
interaction between SWNTs and the NDI molecules absorbed is
stronger in biocompatible environment (the cell culture media
EMEM or in DMSO) than in the standard organic solvents
investigated (CHCl;, EtOH).

The fluorescence spectra of NDI@SWNTs were recorded
for excitation wavelengths between 200 and 800 nm in
CHCI;:EtOH, DMSO or aqueous media (EMEM, of relevance
for bioimaging investigations) and are broader than those of
the free NDI. Both NDI and NDI@SWNT show two emission
maxima in the range 300-700 nm (Supporting Information).
The position of these bands seems strongly influenced by the
nature of the solvent and concentration. As stated above, the
severe quenching of the fluorescence emission intensity was
observed after adding SWNT (Figure 3c), indicating the strong
absorption of the aromatic coating material onto the surface of
the nanotube.*l A red-shift in the emission maxima of NDI
(20 nm) was also observed upon its anchoring onto SWNTs
(Supplementary materials). The broadening in the UV-vis
spectra as well as decay in the fluorescence emission inten-
sity with time was observed, and this behavior stabilizes after
24 h presumably as the NDI absorption onto SWNTs reaches
completion. The presence of the SWNT as the aromatic “guest”
within the NDI supramolecular network (which acts as a
“nanoreceptor”) makes the dispersion phase determination
of the fluorescence quantum yield of NDI@SWNT difficult
to ascertain with precision. The quantum yield of the free dye
was estimated as 2.4% in CHCl; and 1.6% in EtOH (relative to
[Ru(bipy);][PFg], in H,0,®! which is within the range expected
for this class of compounds.®!

The circular dichroism (CD) spectrum at the free NDI
absorbance (330-400 nm) was assigned to interactions between
the NDI couplets of sequential interacting NDI chromo-
phores.[”] Changes in the relative position of these moieties
lead to changes in the CD fingerprint of the supramolecular
assembly. CD spectroscopy showed new features for the NDI@
SWNT composite which are due to NDI upon absorption onto
the carbon nanomaterial, i.e., the sequential interacting NDIs
change their relative position, leading to changes in the 380 nm
region of circular dichroism spectrum and the appearance of
a new signal in the 260-280 nm region (Figure 3b). CD spec-
troscopy shows that the initial aggregation motif of free NDI in
solution is being altered by the presence of SWNT. The chirality
of the amino acid-derivatized NDI molecule is also observed
in the NDI@SWNT composites: this is consistent with earlier
reports on DNA@SWNT composites studied by this method,
whereby DNA helicity was believed to be sensed by carbon nan-
otubes in dispersions. 228889

The UV-vis—NIR spectra of NDI@SWNT (recorded in pure
CHCl; or mixtures of CHCL;:EtOH 4:1) shows the lowest-
energy van Hove transition S;; for NDI@SWNT (at 1204 nm),
and also typical S,, transitions atin the 960 nm region (Figure 3f).
Partially overlapping of S,, and metallic My; transitions
characteristic to SWNTSs can be seen at 500-1000 nm in NDI@
SWNT dispersions. The S,, and S;; band are sharp compared
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Figure 3. a) Preparation of NDI@SWNT monitored by UV-vis spectroscopy in CHCI3:EtOH 4:1. (1)-(3): NDI@SWNTs composites during the stages
1-3 of the synthetic experiment; (4): redispersed NDI@SWNT composite from stage 4 (0.2 mg/ml) and (5): free SWNT (0.35 mg/mL); b) CD spectra
of NDI@SWNT composite, recorded in fresh dispersions (20 min, followed by filtration through a 200 nm pore PTFE membrane) or after storing at r.t.
for 24 h (0.2 mg/mL, CHCl3:EtOH 4:1); c) Typical fluorescence emission spectra showing the NDI fluorescence quenching upon treatment of a diluted
solution of NDI (26 um in CHCI3:EtOH 4:1, A, = 280 nm) with SWNT (35 pg/mL); d) Emission/excitation map (normalised intensity) showing that
the redispersed NDI@SWNT composite resulting after the stage 4 of the redispersion experiment retains fluorescence (0.2 mg/mL CHCl3:EtOH 4:1).
e) UV-vis spectroscopy of NDI@SWNT (0.2 mg/mL) in organic and in aqueous cell culture media (EMEM). f) UV-vis—nIR spectroscopy of NDI@
SWNT composite (0.2 mg/mL, CHCl;:EtOH 4:1 and pure CHCl; dispersions).
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Figure 4. Raman spectroscopy of purified SWNT and NDI-functionalized
SWNTs (A 830 nm, laser power at the sample 220 mW spot size 100 um.
a) Full spectra for materials deposited on borosilicate glass from CHCl;:EtOH
4:1,0.2 mg/mL dispersions; b) expansion diagnostic of surface fuctionalization
of SWNT, showing D and G bands for CHCl3:EtOH 4:1. ¢) RBM of SWNT upon
NDI complexation. Spectra of solid materials were recorded at least three times
from different areas of the nanomaterial and the average spectra reported.

to those observed in other supramolecularly functionalized
SWNT composites (for example those of peptides®290°1 or
porphyrin oligomers®*) absorbed onto the SWNTs, and closely
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similar to those observed in perylene-SWNTs composites.!'213]
Since these transition energies are related to the size of the
SWNT bundles and the presence of isolated tubes in solution
have been reported to give rise to sharp, well-resolved peaks,’!
UV-vis—nIR spectroscopy of the NDI@SWNT composite sug-
gests that NDI is capable of efficient de-bundling of the SWNT
strands in these common solvents.

2.4. Microscopy Studies on NDI@SWNT by HR TEM,
AFM and SEM

High resolution transmission microscopy (HR TEM, Jeol
3000F) provided direct evidence for the presence of a monol-
ayer of NDI coating the walls of the SWNTs (Figure 5). Areas
of strong contrast due to heavy elements, attributable to iodine
atoms, are clearly visible with respect to the lighter regions (due
to the lower scattering elements present, i.e. carbon, hydrogen,
nitrogen, oxygen) and in contrast to the initially clean SWNT
surface observed for the high purity SWNTs used (Supple-
mentary Information). HR TEM also showed that NDI coated
the ends of the SWNTs and that the NDI layer is less than
2 nm thick, consistent with the qualitative molecular mechanics
model proposed in Figure 1 for a NDI-wrapped single strand of
a [10,10] SWNT. The presence of amorphous carbon created by
beam damage of the soft coating under the HRTEM working
conditions cannot be fully discounted, but both low resolu-
tion TEM and HR TEM coupled with EDX allowed us to probe
locally the surface of nanotubes where such dark spots were
observed (Figure 5a). Characteristic peaks corresponding to
iodine were detected in the EDX spectra in the 4 keV region. By
contrast with the large bundles typically observed for purified
but unfunctionalized SWNT starting material the NDI coated
nanotubes tended to aggregate into much smaller bundles or
form only single strands in polar solvents. The morphology of
these new aggregates was confirmed by SEM and tapping mode
AFM (TM AFM) (Figure 6). The coating with NDI was uniform
and covered the entire aromatic surface of SWNTs. TM AFM
of free NDI (spin-coated on mica surfaces from 0.2 mg/mL
solutions in CHCI;:EtOH 4:1) showed formation of tower-like
aggregates with heights of ca. 10 nm and diameters of ca. 2 nm.
TM AFM of the NDI@SWNT composite (spin-coated on a mica
surface from the ca. 0.2 mg/mL dispersion in CHCl;:EtOH)
confirmed the complete coating of the SWNTs and formation
of small NDI@SWNT bundles with lengths of ca. 500 nm, and
heights ranging from 10-50 nm, without free (unbound) NDI
aggregates on the mica surface.

2.5. Multiphoton Fluorescence Imaging in Solution and in Vitro

To probe the potential of NDI@SWNT as a precursor for future
applications as traceable imaging probes inside living cells, two-
photon emission lifetime decay spectra were recorded by time-
correlated single photon counting using pulsed laser excitation
(Adex = 910 nm in DMSO). DMSO was chosen as both NDI and
NDI@SWNT showed minimum scattering due to aggregation
within the experimental timescale in this solvent and due to its
low volatility. Both systems exhibited more than one lifetime
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Figure 5. a,b) Representative images from HR TEM of NDI@SWNT
composite showing the presence of iodine in local areas of strong con-
trast due to the heavy element on the surface of nanotubes (marked with
arrows in Figure (a)). c) The EDS spectrum of NDI@SWNT composite
deposited on glass support and d) control EDS spectrum.
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component: calculations (SPC Image analysis software) indi-
cated a long component on the order of several nanoseconds
and a much shorter component on the order of several hundred
picoseconds. There are several differences between the lifetime
decay spectra profiles of free NDI and NDI@SWNT (Figure 7),
i.e., the lifetime of the long component drops by ca. 10%, from
2.67 ns (36% weighting) in free NDI to 2.33 ns (27% weighting)
in NDI@SWNT. Only a slight increase in the short component
lifetime weighting was found for the dominant component,
from (0.43 ns) 64% weighting in free NDI 73% weighting for
NDI@SWNT dispersions. The decrease in fluorescence life-
time of NDI upon immobilization onto the SWNT (in DMSO)
confirmed the fluorescence quenching by the SWNT surface
via non-radiative pathways, in agreement with earlier reports
on polythiophene-SWNTs nanohybrids.2°!

For the high resolution laser scanning confocal fluorescence
imaging of NDI@SWNT fresh dispersions (0.2 mg/mL in
CHCI;:EtOH 4:1) were dropcast on a borosilicate glass cover slip
and the solvent evaporated under air. High-resolution confocal
imaging under single-photon (488 nm) or two-photon excita-
tion (910 nm), using a mode-locked Ti-sapphire laser (see Sup-
plementary Information), generated images of the solid NDI@
SWNT film by the raster scanning of the laser spot in the xy
plane. Two photon fluorescence imaging and emission lifetime
measurements were carried out, using FLIM in solid state com-
posite (deposited on borosilicate glass from CHCI;:EtOH 4:1
dispersions) and in HeLa and MCEF-7 cell lines (vide infra) for
NDI and NDI@SWNT. Single photon laser scanning confocal
fluorescence imaging carried out in the absence of cells showed
that the film of solid NDI@SWNT particles retains some
residual fluorescence emission under single photon excitation
(Aex 488 nm) but this composite is a rather weak fluorophore
with respect to standard organic dyes. Within the NDI@ SWNT
film (Figure 8), fluorescent aggregates with irregular shapes
and sizes ranging from ca. 200 nm to 5 um were observed in
the differential interference contrast (DIC) microscopy images,
in the red (Ae, = 606 nm) and green (4., = 516 nm) chan-
nels of the single photon fluorescence emission images (A
488 nm), as well as by two-photon fluorescence intensity and
lifetime imaging (A, 910 nm). Intensity images of NDI@SWNT
obtained from two-photon fluorescence excitation gave better
signal to noise than one-photon excitation and fluorescence
lifetime imaging and corresponding data fitting was obtained
when 2-photon FLIM measurements were used. The prelimi-
nary fluorescence lifetime imaging shows lifetime emission
maps for NDI@SWNT together with intensity maps showing
the spatial variations in fluorescence emission and the lifetime
distribution plots for the major lifetime component. For NDI@
SWNT, the maximum fluorescence lifetime in the solid state of
the major component (0.42 ns, with width at half-height WHH
of +/-0.12 ns) is similar to the fluorescence lifetime measured
in pure DMSO solution for (0.41 ns).

To test the biocompatibility and in vitro stability of the NDI@
SWNT composite, cancerous (breast carcinoma MCF-7 and cer-
vical carcinoma HelLa) and healthy (fibroblast FEK-4) cells were
treated with the composite dispersed in cell medium EMEM
over a range of concentrations. Despite the strong quenching
observed with respect to the free NDI fluorescence emission,
some residual emission of the NDI absorbed onto SWNTs was

Adv. Funct. Mater. 2012, 22, 503-518
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Figure 6. SEM and TM AFM imaging of NDI and NDI@SWNT deposited from CHCI3:EtOH,. Aggregates of free NDI formed upon spin-coating onto
a mica substrate, imaged by SEM (a) and TM AFM (b) showing formation of nanodimensional tower-like objects on mica; SEM microscopy images
showing a small bundle of NDI-coated SWNTs (c) and the morphology of NDI@SWNT (d); TM AFM imaging of NDI@SWNT (e). All SEM measure-
ments were carried out on samples coated with ca. 2 nm gold layer. Concentrations: free NDI 26 pum; NDI@SWNT composite dispersion containing

21 pug/mL NDI (26 um) anchored onto 35 pug/mL SWNT.

sufficient to enable the observation of the nanocomposite in
living cells (Figure 9 and Figure 10 and Supplementary Infor-
mation, S10, S12b, S13b, S14e-h and S15a-d). Cell uptake was
monitored in living cells by epi-fluorescence microscopy (fol-
lowing 30 min, 2 h, 3h or 5h incubation with NDI@SWNTT5 at
4 °C and 37 °C, A 450 nm) and by single-photon laser scan-
ning confocal fluorescence imaging (A, = 488 nm, 30 min,
1 h and 2 h incubation at 37 °C, Figure 9). The composites
penetrate cell membranes at 37 °C but not at 4 °C, suggesting
active uptake, possibly endocytosis, as the likely uptake mech-
anism.l?Z Confocal imaging using A, 405 nm did not show
fluorescence emission for either free NDI or NDI@SWNT com-
posite and therefore suitable images staining with Hoechst or
DAPI nuclear staining (Invitrogen) were acquired (Figure S15).
Colocalisation experiments showed some nuclear uptake for
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free NDI in all cell lines and this seems to increase in cells
after 1 h incubation, as indicated by co-staining with Hoechst
nuclear stain and fluorescence lifetime imaging (vide infra).

To verify whether the supramolecular NDI@SWNT com-
posite remains stable in vitro with respect to NDI loss, fluores-
cence emission lifetime measurements were carried out using
2-photon FLIM in Hela or MCF-7 cell lines (1 h incubation,
37 °C, using 910 nm excitation from a mode locked Mira tita-
nium sapphire laser, 180 fs pulse, 75 MHz) and data was com-
pared with FLIM of the free NDI under identical conditions.
Similar to the case of FLIM of the solid NDI@SWNT com-
posite, data fitting for FLIM measurements of NDI@SWNT in
cells was significantly more reliable for 2-photon excitation than
compared to the 1-photon measurements. Figure 10d-h shows
lifetime emission maps for NDI and NDI@SWNT in HeLa cells

wileyonlinelibrary.com

511

-
G
—
-
=
v
m
~




-
™
<
[
-l
wl
=
™

512 wileyonlinelibrary.com

~ - -NDI

4 — NDI (fitted curve)

r--- NDI@QSWNT

—— NDI@SWNT (fitted curve)

Log,, Counts

r T . . . -
0.0 15 3.0 4.5 6.0 7.5 9.0
Time / ns

Figure 7. Two-photon fluorescence spectroscopy: fluorescence decay
traces and corresponding fitted curves for the lifetime determinations
(Aex=910nm, NDI 26 um, pure DMSO, NDI@SWNT composite dispersion
containing 21 pg/mL NDI (26 pm) anchored onto 35 ug/mL SWNT).

together with 2-photon intensity maps showing the spatial vari-
ations in fluorescence emission, the lifetime imaging maps and
corresponding distribution plots for the predominant lifetime
component (7;) for either free NDI or NDI@SWNT composite.
Similar images are included in Supplementary materials for the
FLIM of NDI and NDI@SWNT in the MCF-7 cell line. The life-
times distributions measured inside cells are within the same

Figure 8. Single photon confocal imaging (scale-bar 100 um, A, =
488 nm) of solid NDI@SWNT composite drop-cast on borosilicate glass
from a CHCl3:EtOH 4:1 mixture showing: a) brightfield microscopy image
b) red channel emission (606 nm); c) green channel emission (516 nm)
and d) overlay of (a)—(c) microscopy images.
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order of magnitude with the values acquired from studies in
pure DMSO (Figure 7) for both the NDI and the NDI@SWNTs
and compare well with the FLIM of the solid NDI@SWNT. The
major lifetime components measured in cells incubated for
1 hour (37 °C) were 0.65 £ 0.15 ns for free NDI inside cells
and 1.10 £ 0.10 ns for NDI@SWNT in HeLa. A much broader
lifetime distribution inside the cells than in solution or solid
state was observed, and images of NDI@SWNT in HelLa cells
showed regions of extremely high fluorescence intensity, corre-
sponding to particles of ca 4 um with extremely short emission
lifetimes by 2-photon FLIM (0.07 ns or less). As expected, the
relative weightings of the lifetime components obtained were
somewhat different under the different conditions employed
for cellular vs. solution lifetime estimations.’®! An inspection
of the DIC and confocal images suggest that these large aggre-
gates contain SWNTs coated in fluorescent materials and are
concentrated in the proximity of the cell membrane and also
bound on the outer surface of the cell. Initial tests on the co-
localisation of NDI and NDI@SWNT with the mitochondrial
stains Mitotracker Red, and lysosome stain Lysotracker Red
(Invitrogen) were carried out but results did not show any
conclusive mitochondrial or lysosomal colocalisation. There
was evident nuclear uptake both in the Hela and in FEK-4
cell lines and this seems to increase in cells after 2 h incuba-
tion, as indicated by co-staining with Hoechst and fluorescence
lifetime imaging. Further colocalisation tests using alternative
stains to fully identify the specific sites of cellular localisation
for these compounds and their effect on the cellular organelles
are underway.

2.6. Cellular Translocation Monitoring of NDI@SWNT
by MTT Assays

The different spatial distributions observed by DIC imaging cou-
pled with fluorescence imaging and FLIM for the free NDI and
NDI@SWNT in vitro suggests that the nanocomposite trans-
locates into cells as a distinct intact entity and remains largely
intact in the cellular environment within the timescale of these
imaging experiments, i.e., is kinetically stable with respect to
de-complexation by loss of NDI in vitro within the timescale
of this experiment. Since the naphthalene diimines and struc-
turally related monoimides are known to show cell toxicity and
potent antitumor activities by virtue of their DNA binding*!*%
standard MTT assays were used here to verify the cell viability
in the presence of NDI, SWNT and NDI@SWNT under con-
ditions similar to those used in the fluorescence microscopy
studies (Supplementary Materials). Assays showed that the
materials investigated (free SWNT5, free NDI and NDI@SWNT
hybrid) had only a moderate impact on cell viability at the 1 h
time point at the same concentration used in the fluorescence
studies. In separate experiments, cell metabolism MIs, values
(the concentration that reduces cell metabolism to half that of
untreated cells) were also determined via MTT assays over the
traditional 24 h period. Dispersions of NDI, NDI@SWNT and
free SWNT (1% DMSO in Eagle’s Modified essential medium
EMEM containing 15% foetal calf serum FCS) were incubated
with HeLa cells for 24 h at concentrations of 1 nm, 100 nwm,
1 1M, 10 um, 50 pm, 100 v and 250 pum for NDI or NDI-anchored
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Figure 9. Single Photon Laser scanning confocal imaging of cancerous (Hela) cells incu-
bated at 37 °C where A = 488 nm with: a—l) NDI imaging (26 um or 21 pg/mL in 1: 99%
DMSO:EMEM) — 30 min incubation showing DIC (a), DIC-green-red channel overlay (b), green

channel (515-530 nm) (c) and red channel (605-675 nm) (d); e—

onto SWNTs (whereby the mass ratio of NDI:SWNT was kept at
0.6, consistent with observations from fluorescence titrations)
and concentrations ranging from 1 pg/mL to 250 pug/mL for
the pristine SWNT. MIs, values were estimated in each case
from five repeat experiments (see Supplementary Informa-
tion). It was interesting to note that after 24 h incubation at
37 °C the pristine SWNTs seem to be significantly more cyto-
toxic than the NDI-functionalised SWNTs. MI5, values for free
and functionalized SWNTs are within the same order of magni-
tude with earlier reports of the uptake of functionalised carbon
nanotubes in vitro.®3362649394 Confocal imaging experiments
already showed that both free NDI and NDI@SWNTs localise
in the cell cytoplasm and partially in the nucleus too. Interest-
ingly, an inspection of the cell morphology of free NDI treated
cells suggested that these are significantly more damaged than
of those treated with the NDI@SWNT composite or free NDI
within 2 h incubation time. MTT assays suggest that NDI@
SWNTs has a somewhat lower cytotoxicity compared to that of
the free SWNTs and free NDI healthy cells (FEK-4) versus in

Adv. Funct. Mater. 2012, 22, 503-518

h) 1 h incubation showing
DIC (e), DIC-green-red channels overlay (f), green channel (515-530 nm) (g) and red channel
(605-675 nm) (h); i-l) 2 h incubation showing DIC (i), DIC-green-red channels overlay (j),
green channel (515-530 nm) (k) and red channels (605-675 nm) (I); (m-p) NDI@SWNT com-
posite dispersion (in 1:99% DMSO:EMEM) containing 21 pg/mL NDI anchored onto 35 g/
mL SWNT: DIC (m), DIC-green-red channels overlay (n), green channel (515-530 nm) (o) and
red channel (605-675 nm) (p). Scalebar 20 um. The cells shown in figures i-l and m-p below are
exactly the same as those shown in Figure 10 (below) images (d)—(e) and (f)—(g) respectively.
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cancerous (MCF-7). Interestingly, MIs, data
estimated by MTT assays over the traditional
24 h observation period showed significantly
lower toxicity of NDI@SWNT towards FEK4
when compared to MCF-7. Cell viability tests
support the hypothesis from imaging experi-
ments that that free NDI, NDI@SWNT and
free SWNTs all act upon healthy (FEK-4) and
cancerous cells within 2-24 h (Figure 11) over
a wide range of concentrations, but that the
NDI modulates the biocompatibility of the
SWNTs and the resulting composite localises
in the cell cytoplasm as an intact object. The
NDI@SWNT composite has a higher cyto-
toxicity to cancer cells MCF-7 than to normal
cells FEK-4, as shown both by MIs, determi-
nations (Table 2, Figure 11 and Supplemen-
tary Materials, Figure S16) and via time-lapse
MTT experiments (Supplementary Informa-
tion). Both free NDI and SWNT-supported
NDI (NDI@SWNT) exhibit low toxicity up to
6 h incubation in FEK-4 cells, with cell via-
bility higher than 89% and 96% respectively.
After 24 h incubation with NDI and NDI@
SWNT, FEK-4 cells showed lower viability by
comparison to that of controls, of 25% and
45% respectively. Cell viability for the group
treated with NDI@SWNT was 5% higher
than for the case when free SWNTs were
used, suggesting an increase of the SWNT
biocompatibility upon wrapping and the sig-
nificantly altered behavior of NDI@SWNT
composite in vitro with respect to its indi-
vidual components, i.e., free NDI or SWNT.
In MCF-7 cells, free NDI as well as SWNT-
supported NDI showed notable cytotoxicity
at shorter time points. Cells treated with the
NDI@SWNT composite show 53% viability
after 6 h incubation for MCF-7 versus 96%
observed for FEK-4. Pristine SWNTs showed
cytotoxicity after 1-3 h incubation for both cell lines, with the
faster inhibition observed in FEK-4 cells. The cell viability
after 6 h incubation with NDI@SWNT was higher than that
of pristine SWNT (96% vs 63%, see Figure S17, Supplemen-
tary Information). Further investigations are underway in our
laboratories to fully establish the precise mechanism for these
differences, and whether size and/or shape of this new nano-
particle are influencing the biolocalisation and ultimately their
toxicity in vivo.3#94%]

We observed that the surface functionalization of carbon
nanotubes with NDI reduces the SWNT toxicity behavior signifi-
cantly both in cancerous and non-cancerous cell lines and medi-
ates the biocompatibility of pristine SWNTs. Supramolecular
wrapping is rapid and uniform thus bypassing the need for
complex covalent synthetic procedures to be performed directly
on the SWNT surface.*®1%U The new NDI reported hereby is a
biocompatible nanoreceptor that may be derivatized further by
virtue of the carboxylic groups: our method of SWNTs wrapping
will facilitate the rapid incorporation of targeting peptides onto
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Figure 10. Two-photon laser confocal fluorescence (A, = 910 nm): a—c) solid NDI@SWNT composite (drop-cast on borosilicate glass from a
CHCl5:EtOH 4:1 mixture): intensity image (a), lifetime mapping and scalebar (b) and corresponding lifetime distribution curve (c); d—f) Typical micro-
scopy image of adherent cancerous cells (Hela) incubated for 2 h at 37 °C with NDI (26 uM or 21 pg/mL in 1: 99% DMSO EMEM) showing NDI
uptake throughout cytoplasm and cell nucleus, intensity image (d), lifetime mapping and scalebar (e) and corresponding lifetime distribution curve (f);
g—i) Typical microscopy images of adherent cancerous cells (Hela) incubated for 2 h at 37 °C with NDI@SWNT composite (dispersions in 1: 99%
DMSO: EMEM contained 21 pug/mL NDI (26 um) “anchored” onto 35 ug/mL SWNT. Intensity image (g), lifetime mapping and scalebar (h), and corre-
sponding lifetime distribution curve (i). Bright spots show fluorescent NDI@SWNT composites translocated into cells as intact objects: corresponding
single photon confocal fluorescence microscopy images and DICs are given in Supplementary materials (Scalebar/ microscopy images width =100 um.
A key is provided for direct correlation between the lifetime colour map and lifetime histogram. The cells shown in figures (d)—(e) and (f)—(g) below

are the same as those in Figure 9, images (i)—(l) and (m)—(p) respectively.

the surface of SWNTs for precise cancer cell delivery in vitro.
Experiments are underway in our laboratories to construct and
test in vitro and in vivo future nanotherapeutics based on this
optically traceable NDI@SWNT scaffold.

3. Conclusions

In summary, we have developed a rapid and reliable method
for the surface functionalization of SWNTs via encapsulation
by a new nanoreceptor, NDI, which acts as a supramolecular
host. A new supramolecularly-functionalized fluorescent
nanomaterial was synthesized on a preparative scale. Iodine
atoms featured as a key design motif in the NDI structure to

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

aid the identification by TEM of the uniform coating of the
surface of the carbon nanotubes.}1%U The “host” is tightly
wrapped around the carbon nanotube, forming a monolayer
of NDI held to the aromatic surface by n—r stacking reinforced
by solvophobic effects. The NDI network adapts its geometry
in order to accommodate a guest with diameters as wide as
1.6 nm (i.e., a [10,10] SWNT). Charge transfer interactions
are likely to occur between host (NDI) and guest (SWNT) in
these composites in dispersions as suggested by significant
quenching in fluorescence emission and DFT calculations in
the gas phase.

The NDI@SWNT hybrid is biocompatible, translocates in
cells as an intact object and shows fluorescence emission in
the visible range. Confocal fluorescence imaging showed that

Adv. Funct. Mater. 2012, 22, 503-518
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Figure 11. A comparison of MI50 values (ug/mL) for free NDI, NDI@
SWNT and free SWNT in healthy (FEK-4) and cancerous cells (MCF-7).
Cells were cultured in EMEM containing the standard% FCS required for
each of the cell lines used, each experiment was repeated five times.

Table 2. Calculated Mlsy (£ SEM values, pug/mL, the concentration that
reduces cell metabolism to half that of untreated cells, 24 h MTT assay)
for free NDI, NDI@ SWNT and free SWNT. Cells were cultured in EMEM
containing 15% FCS, each experiment was repeated five times.

Mlso g/mL MCF-7 Breast carcinoma FEK-4 Normal human
fibroblast cell line
NDI 13.76 +£1.00 1221+£1.17
NDI@SWNT 34.08 +3.46 73.79 £3.87
SWNT 17.81+2.71 23.66 +3.90

localization in sub-cellular (FEK-4 and MCF-7) regions and
that the NDI coating significantly enhances the biocompat-
ibility of SWNTs and mediates its intracellular localization.
The excited state lifetime of the probes in cells versus solution
phase indicates that the probes are not affected by the change
in their chemical environment. The new amino acid function-
alized NDI is amenable for further rapid derivatization with
functional groups and/or biomolecules®? viag simple peptide
coupling chemistry. Supramolecular coating led to the con-
trolled and uniform functionalization of the whole of SWNTs
surface, including the coating of the SWNTs ends in a manner
analogous to the fullerene binding by similar NDI-based
nanoreceptors and without the disruption of the aromatic
network. This new nanohybrid showed a significant output
in the visible spectrum, opening up future possibilities for its
incorporation in the next generation optoelectronic devices for
both photovoltaic and biomedical imaging applications. We are
now investigating further amino acid- and targeting peptide-
derivatized NDI molecules as key components for the rapid
assembly of imaging and drug delivery devices based on carbon
nanomaterials.

4. Experimental Section

Synthesis  of NDI  ((25,2'S)-2,2-(1,3,6,8-tetraoxobenzo[lmn][3,8]
phenanthroline-2,7(1H,3H,6H,8H)-diyl) bis (3- (4-iodophenyl) propanoic

Adv. Funct. Mater. 2012, 22, 503-518
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Scheme 1. Synthesis of iodine-derivatized NDI.

acid)) (Scheme1):1,4,5,8-Naphthalenetetracarboxylicdianhydride (200mg,
0.746 mmol) and 4-iodophenylalanine (4.34 mg, 1.492 mmol) were
suspended in 6 mL DMF in a pressure tight 8 mL microwave vial. To
this suspension 0.2 mL dry Et;N were added. The suspension was
sonicated until the mixture became homogenous. The reaction mixture
was heated for 5 min at 140 °C under microwave irradiation using a
dedicated microwave reactor (CEM Discover). The solvent was removed
under reduced pressure. The dark brown residue was taken up into
CH3CN (4 mL). This solution was added under stirring to 100 mL of 1M
HCl. The resulting suspension was allowed to settle for 1 hour and then
filtered using a Biichner funnel. The solid was then washed with 150 mL
deionized water and dried in vacuo. The product was obtained in the
form of a pale yellow solid in 87% yield.

TH NMR (400 MHz, 1:1 CDCl;:CD;0D) 8(ppm): 8.63 (s, 4H, NDI-
CH), 7.40 (d, ) = 8.3, 4H, Ph-CH), 5.95 (dd, j, = 10.4, J, = 5.5, 2H,
CoH), 3.61 (dd, J; = 14.4, |, = 5.5, 2H, CPH), 3.45 (dd, J, = 144, J, =
10.4, 2H, CPH); 13C {TH}NMR (100.61 MHz, DMSO-dg) S(ppm): 171.5,
163.1, 137.9, 137.4, 131.8, 131.6, 127.3, 126.8, 92.5, 55.0, 34.8. Mass
spectrometry: Negative mode ES: M/z calcd: Cj,Hypl,N,Og 813.9309
found: 813.9251 M.

Crystal Structure Dtermination: Single crystal X-ray diffraction data
was obtained for NDI. Crystals suitable for analysis were grown from
THF layered with pentane. A typical crystal was mounted using the oil
drop technique, in perfluoropolyether oil at 150(2) K with a Cryostream
N, open-flow cooling device. Single crystal X-ray diffraction data were
collected using graphite monochromated Mo-Ko: radiation (A=0.71073 A)
on an Nonius KappaCCD diffractometer.121% The structures were
solved by direct methods by using the program SHELXL97.1'%Y The
refinement (on F?) and graphical calculations were performed with the
SHELXL97.'l In general, coordinates and anisotropic displacement
parameters of all non-hydrogen atoms were refined except where this
was not possible due to the presence of disorder. The structure shows
nanotubular channels which are filled with disordered solvent molecules
(Figure 1). Abbreviated crystal data and structure refinement parameters
are included in below.

NDI «2THF: Cy Hig I, N, Oj90 M = 814.319, Z = 2, monoclinic
P,; space group a = 12.7594(4)A, b = 9.2119(3)A, ¢ = 16.3278(6)A,
B =103.4340(10)°, U = 1866.63(11)A%, T =150 (2) K, u = 1.747 mm"",
A =0.71073 A. Of 28017 reflections measured, 8439 were independent
(Rint = 0.0953). Final R = 0.0486 (6146 reflections with | > 20 (1)) and
wR =0.0812.

Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no. CCDC-
.736937. Data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Cells Clturing (FEK-4, MCF-7 and Hela) and Fuorescence Imaging: Cells
were cultured at 37 °C in a humidified atmosphere of 5% CO, in air and
split once confluence had been reached, using EMEM medium (Eagle’s
Modified Essential Medium) with 15% foetal calf serum (FCS), (10% for
Hela and MCF-7 and 15% for FEK-4), 200 U mL™" L-glutamine and
100 U mL™" penicillin. The medium contained no fluorescent indicator
dyes such as phenol red and was therefore suitable for use in fluorescence
imaging studies. Samples for fluorescence imaging were prepared in
the following way: surplus supernatant after culturing (containing dead
cell matter and excess proteins) was discarded. The live adherent cells
were then washed with two 5 mL aliquots of phosphate buffer saline
solution to remove any remaining medium containing FCS since this
contains protease inhibitors which inactivate trypsin, thus inhibiting
the resuspension of the cells. For re-suspension in solution, the cells
were incubated in 3 mL of trypsin—-EDTA (500 mg L™ trypsin, 200 mg L™
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EDTA) solution for 5 min at 37 °C. After trypsinizing, fresh EMEM (15%
FCS) was added to the suspended cells to give a sufficient concentration
of cells (ca. 50 000 cells/mL). The concentration of cells required varied
slightly between cell lines and is chosen to be optimal for achieving
sufficient coverage on the Petri dish for optimal imaging (between
40-60% coverage). The cells were plated in a Petri dish with a glass cover
slip (Mattek) and left for 24 h to adhere before fluorescence imaging
measurements were made. Final concentrations on cell plates used, in
1: 99 DMSO: EMEM, were: a) 21 pg/ml (26 M) NDI; b) NDI@SWNT
composite dispersion containing 21 pug/mL NDI (26 um solution used
to ‘anchor’ NDI onto 35 pg/mL SWNT); c) 35 pug/mL dispersion of free
SWNT. Cells were incubated for maximum 2h followed by washing prior
to imaging. Cell viability prior to the experiment was tested by optical
microscopy, standard trypan blue tests and MTT assays. The uptake
of the NDI@SWNT composite was imaged by laser-scanning confocal
microscopy (LSM 510 META, Zeiss) of live cells, as well as in fixed cells,
using the 488 nm line of an argon ion laser for excitation. The emission
was long pass filtered (515 nm) and detected with a photomultiplier tube
(PMT). The intensity of the laser was modified to reduce the possibility
of photobleaching of the fluorophore over time and the PMT voltage
adjusted to be just above the auto-fluorescence limit of the starting
conditions (for imaging of living cells) thus recording a background
image before addition of compound, whilst maximizing sensitivity and
ensuring optimal focusing. A similar standard procedure was used for
imaging fixed cells, and for these an additional background image was
collected (using fixed, but untreated cells) at the end of experiment. The
confocal imaging of the cells using A, 405 nm did not show significant
fluorescence emission for either free NDI or NDI@SWNTs thus allowing
colocalization tests with nuclear staining dyes such as Hoechst or DAPI
(Invitrogen). A strong fluorescence emission was observed in the green
(515-530 nm) and red (605-675 nm) channels upon single-photon laser
confocal microscopy using excitation with a green laser (488 nm). Upon
incubation with the NDI@SWNT probe, formation of endosomes of ca.
0.5-1 um seems to be suggested by both bright field and fluorescence
imaging inside the cells’ cytoplasm. The largest of NDI@SWNT
aggregates (ca. 4 um) did not appear to cross the outer membrane and
remained attached to the outside membrane of the cell. After exposure
to NDI@SWNT the cell membrane did not show any significant
disruption or changes in morphology within 1 h incubation time at
37 °C. In contrast, when the experiment was repeated using either free
NDI or pristine SWNT imaging showed that these distributed rapidly
both inside the cells throughout the cytoplasm and in the nucleus and
visibly altered the cell membrane morphology within 1 h of incubation.
In Vitro Fluorescence Lifetime Imaging (FLIM): Time correlated single
photon counting (TCSPC) and FLIM data was performed using a
two-photon microscope at the Central Laser Facility of the Rutherford
Appleton Laboratory with some modifications. Briefly, a two-photon
microscope was constructed around a Nikon TE2000-U inverted
microscope using custom-made XY galvanometers (GSI Lumonics) for
the scanning system. Tunable laser light at the required wavelength of
910 nm was obtained from a mode-locked titanium sapphire laser (Mira;
Coherent Lasers), producing 180-fs pulses at 75 MHz, pumped by a
solid-state continuous wave 532-nm laser (Verdi V18; Coherent Laser).
The oscillator fundamental output of 910 £ 2 nm was also used. The
laser beam was focused to a diffraction limited spot through a water
immersion ultraviolet corrected objective (Nikon VC x60, numeric
aperture 1.2) and specimens illuminated at the microscope stage of a
modified Nikon TE2000-U with UV transmitting optics. The focused laser
spot was raster scanned using an X-Y galvanometer (GSI Lumonics).
Fluorescence emission was collected without de-scanning, bypassing
the scanning system and passed through a coloured glass (BG39)
filter. The scan was operated in normal mode and line, frame and pixel
clock signals were 20 generated and synchronized with an external fast
microchannel plate photomultiplier tube used as the detector (R3809-U,
Hamamatsu, Japan). These were linked via a time-correlated single-
photon-counting PC module SPC830 (Becker and Hickl) to generate the
multiphoton excited image with the associated characteristic decay at
each pixel position. The decays were subsequently analyzed to generate
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the FLIM image. Prior to 2 photon FLIM data collection, the probe
loaded cells were confirmed using a Nikon eC1 confocal microscope
with excitation at 405nm, 488 and 543 nm where required. Data were
analyzed using the SPCImage analysis software (Becker and Hickl). The
%2 value 2 between 0.9 and 1.3 were taken to represent a good fitting
curve and where necessary, the decay profiles were fitted with two, rather
than one exponential. The distribution of lifetime values within the ROI
were generated and displayed as a FLIM image.

Cell Viability Tests in FEK-4 and MCF-7 Cell lines by MTT Assays: Cell
viability studies were carried out under conditions closely comparable
with the imaging experiments. Stock solutions were prepared as follows:
samples containing 42 pg NDI, 42 pg NDI anchored onto 70 ug SWNT
(mass ratio NDI:SWNT = 0.6) and 70 pug purified SWNT were each
treated with 2 mL CHCl;: EtOH (4:1) and sonicated for ca 20 min. After
sonication, the solvent was completely removed and 100 uL DMSO was
added to each of the residues, followed by further sonication for ca 20
min. Aliquots from each of the stock solutions were added to EMEM and
immediately added to the wells containing cells ready for treatment such
that the final DMSO content in EMEM was 1%. The final concentration
of the probes added to each well was: a) 42 pg free NDI, b) NDI@
SWNT composite, formed by anchoring 42 ug NDI onto 70 ug SWNT
and c) 70 pg SWNT, each dispersed in 100 pL solvent (1: 99 DMSO:
EMEM). Two control groups were used consisting of 100 pL solvent/
well, i.e 1%: 99% EMEM, as well as 100% EMEM. FEK-4 and MCF-7
cell lines (cultured using standard procedures'%) were incubated at
37 °C with the samples prepared as above for 1 h, 3 h, 6 h and 24 h.
After incubation, wells were aspirated and solvents replaced by 100 uL
of 0.5 mg/mL MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) in EMEM:PBS 9:1, followed by a further incubation (at 37 °C)
for 2 h.107.108] The MTT solution was then aspirated and 100 uL of DMSO
was added. Absorbance of resulting samples (directly proportional to
cell viability) was measured at 570 nm using a plate reader. Cell viability
(%) was estimated as [experiment group OD value] x 100/[control group
OD value].

Further details can be found in the Supporting Information:
(1) Additional TEM and HRTEM microscopy images, (2) solid state FT
IR, (3) Fluorescence spectroscopy additional data, (4) Circular dichroism,
(5) UV-vis spectroscopy (6) Reference configuration and cut-off radii
(a.u.) of the pseudopotentials used in the DFT modeling study and a
comparison with simpler NDI@C60 models (7) Conditions of FEK-4
and MCF-7 cells culturing, fluorescence imaging and additional confocal
and epifluorescence imaging in FEK-4 and MCF-7 (8) Time-lapse assay
by MTT assays following cells viability under conditions comparable
to those of the imaging experiment. (9) FLIM and corresponding
confocal fluorescence imaging including lysotracker and mitotracker
co-localization tests in MCF-7 lines.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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