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Molecular recognition using corona phase
complexes made of synthetic polymers adsorbed
on carbon nanotubes

Jingqing Zhang™, Markita P. Landry™, Paul W. Barone™, Jong-Ho Kim'? et al.*

Understanding molecular recognition is of fundamental importance in applications such as therapeutics, chemical catalysis
and sensor design. The most common recognition motifs involve biological macromolecules such as antibodies and
aptamers. The key to biorecognition consists of a unique three-dimensional structure formed by a folded and constrained
bioheteropolymer that creates a binding pocket, or an interface, able to recognize a specific molecule. Here, we show that
synthetic heteropolymers, once constrained onto a single-walled carbon nanotube by chemical adsorption, also form a new
corona phase that exhibits highly selective recognition for specific molecules. To prove the generality of this phenomenon,
we report three examples of heteropolymer-nanotube recognition complexes for riboflavin, L-thyroxine and oestradiol. In
each case, the recognition was predicted using a two-dimensional thermodynamic model of surface interactions in which
the dissociation constants can be tuned by perturbing the chemical structure of the heteropolymer. Moreover, these
complexes can be used as new types of spatiotemporal sensors based on modulation of the carbon nanotube

photoemission in the near-infrared, as we show by tracking riboflavin diffusion in murine macrophages.

main challenges in sensor design'2. Frequently, scientists

and engineers borrow from nature to gain analyte speci-
ficity and sensitivity, using natural antibodies as vital components
of the sensors'”°. However, antibodies are expensive, fragile,
easily lose biological activity on external treatment (such as immo-
bilization) and exhibit batch-dependent variation, limiting their use
in widespread applications"®’. This has driven the search for
methods to synthesize or discover artificial antibodies or their ana-
logues from polymeric materials, leading to molecularly imprinted
polymers®® and DNA-aptamers®>©.

Single-walled carbon nanotubes (SWNTs), rolled cylinders of
graphene, are ideal materials for molecular recognition and signal
transduction. They have near-infrared bandgap fluorescence’ with
no photobleaching threshold!®!!, and are sensitive to the surround-
ing environment. Electron-donating or -accepting groups can
increase or decrease emission'?>"'* with single-molecule sensi-
tivity!>-17. Adsorbates can also screen the one-dimensional confined
exciton'®!?, causing solvatochromic shifts in emission?*?!, particu-
larly with polymer wrappings that change conformation. Our labora-
tory and others have developed SWNT fluorescence sensors for
detecting B-D-glucose'?, DNA hybridization?!, divalent metal
cations?, assorted genotoxins??, nitroaromatics?, nitric oxide!*',
pH!¢ and the protein avidin'%. These efforts have invariably exploited
conventional molecular recognition entities, such as enzymes?, oli-
gonucleotides?! or specific functional groups with known affinity for
the target molecule!. In this work, we instead demonstrate a new
recognition motif consisting of specific polymers adsorbed onto a
SWNT, whereby the interface recognizes certain small-molecule
adsorbates, resulting in modulation of nanotube fluorescence
(Fig. 1). We show that the recognition results from the combination
of analyte adsorption to the graphene surface and lateral interactions
with molecules in the adsorbed phase in a predictable manner. We
introduce this concept as corona phase molecular recognition.

I\/\ olecular recognition and signal transduction are the two

Screening of a polymer-SWNT library

To generate polymer-nanotube interfaces in aqueous solution,
candidate amphiphilic polymers were synthesized with both hydro-
phobic and hydrophilic domains, enabling SWNT surface adsorp-
tion and entropic stabilization, respectively. For simplicity, only
non-ionic or weakly ionic polymer phases were used in this study,
to assist structural understanding. For screening, each polymer—
SWNT construct was exposed to a library of 36 small molecules,
and the resulting SWNT fluorescence response was monitored in
triplicate using a near-infrared fluorescence spectrometer, auto-
mated to acquire data in a 96-well-plate format (Supplementary
Fig. 4). Each spectrum was deconvoluted into eight SWNT chiral-
ities using a custom spectral fitting program (Supplementary
section ‘Materials and Methods’) that also calculates standard
errors. The resulting intensity and wavelength modulations of
each construct before and after the addition of each analyte in the
library were recorded (for all unprocessed spectra see
Supplementary Figs 23-46).

Molecular recognition by polymer corona phase on SWNTs
From the polymer-SWNT library screened to date we identified
three distinct examples of polymer-nanotube-mediated molecular
recognition. The simplest example is provided by a rhodamine iso-
thiocyanate-difunctionalized poly(ethylene glycol)-SWNT complex
(RITC-PEG-RITC-SWNT; Fig. 2a, 5 or 20 kDa), which exhibits flu-
orescence quenching exclusively in response to oestradiol (both
alpha- and beta-oestradiol). Two similar synthetic variants—fluor-
escein isothiocyanate-difunctionalized PEG (FITC-PEG-FITGC;
Fig. 2b) and distearyl phosphatidylethanolamine PEG (PE-PEG;
Fig. 2c)—result in non-selective response profiles. The simple
polymer design allows for elucidation of the adsorbed phase struc-
ture. The selectivity of this response (Fig. 2a) is distinct from
schemes using principle component analysis** or differential
sensor responses® for analyte recognition, and we therefore assign

*A full list of authors and their affiliations appears at the end of the paper.
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Figure 1| Schematic of the molecular recognition concept. a, A polymer with an alternating hydrophobic and hydrophilic sequence adopts a specific
conformation when adsorbed to the nanotube. The polymer is pinned in place to create a selective molecular recognition site for the molecule of interest,
leading to either a wavelength or intensity change in SWNT fluorescence. b, An example of a hydrophobic-hydrophilic alternating sequence for boronic acid-

derivatized phenylated dextran.

it as the first demonstration of molecular recognition from the
adsorbed phase itself. In the polymer-SWNT complex, the FITC
fluorescence is quenched, providing evidence that the hydrophobic
ends of the polymer are adsorbed onto the SWNT surface
(Supplementary Fig. 8). The hydrophilic PEG chain is expected to
form a loop extending into solution. Such a partitioning of hydro-
phobic and hydrophilic domains is consistent with earlier studies
that have utilized PEG-conjugated hydrophobic molecules for
SWNT suspension?®-2, and is supported by the experimental obser-
vation that PEG itself is incapable of suspending SWNTs. Although
we do not have direct evidence of the formation of the loop
structure, single-molecule fluorescent imaging of the polymer
co-localized with the fluorescent SWNT is consistent and further
supports both this structure and the interaction of oestradiol
with the hydrophobic anchors (Supplementary Figs 9-12,
Supplementary Tables 4-6).

This structural configuration is also corroborated by molecular
dynamics simulations (Supplementary section ‘Materials and
Methods’) for the three polymers (Fig. 2). Oestradiol contains an
aromatic group that can adsorb to the SWNT surface if the
pendant hydroxyl groups are hydrogen-bonded to the adjacent
RITC amides. The molecular weight of the PEG chain does not
influence the selectivity (Supplementary Figs 13-15), but the end-
group structure has a substantial effect (Fig. 2a—c). The molecular
recognition of the RITC-PEG-RITC-SWNT to oestradiol results
from the strong interaction between the oestradiol and RITC
anchors. A molecular dynamics simulation at a starting coverage
of 50 polymers per 20 nm of SWNT reveals that, at equilibrium,
80% of the SWNT surface is covered by RITC anchors. We conclude
that the intermolecular spacing of hydrophobic groups on the
SWNT determines selectivity. Different characterization techniques
have been applied here: dry-state atomic force microscopy (AFM)
estimated a mean radius of 2.5 nm for RITC-PEG-RITC-SWNT,
consistent with the 2.7 nm estimated from molecular dynamics
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results, but smaller than the 8.1 nm that is estimated from single-
particle tracking experiments (Supplementary Table 3). Under the
hydrated conditions of single-particle tracking, the hydrodynamic
radius can be increased. While AFM provides a direct measure of
the complex radius, single-particle tracking can be influenced by
the variations in nanotube length. Transmission electron
microscopy (TEM) images (Supplementary Fig. 17a) indicate a
range of radii from bare surface (0.47 nm) to approximately twice
the AFM average value (4.9 nm), reflecting variable surface coverage
along the length.

We also compared this with responses obtained from SWNTs
suspended with two commonly used dispersing agents. Sodium
cholate suspended SWNT (Fig. 2d) is non-responsive to the analytes
tested, confirming the tight surface packing reported previously*.
In contrast, d(GT),;5 DNA-wrapped SWNT (Fig. 3d) shows poor
selectivity, suggesting a more porous interface composed of
consecutive DNA helices*. This type of profile, which informs
the accessibility of molecules to the SWNT surface, as presented
in Fig. 2, allows for a unique ‘fingerprinting’ of polymer adsorbed
phases in a manner inaccessible to other analytical techniques such
as NMR, Fourier transform infrared (FTIR) spectroscopy and
ultraviolet absorption. Structural schematics of the nanotube
complexes were deduced from a combination of polymer mole-
cular structure and fingerprinted response profile, further sup-
ported by single-particle tracking data and molecular dynamics
results (Fig. 2).

A more complex example is provided by the PEG brush
described in Fig. 3. One brush segment is alkylated for hydrophobi-
city while the remaining sites can display a variety of functionalities.
When these sites contain Fmoc r-phenylalanine (Fmoc-Phe-
PPEGS), we find that a seven-membered brush structure recognizes
L-thyroxine (Fig. 3a), whereas a three-membered analogue does not
(Fig. 3b). Replacing the Fmoc r-phenylalanine with amine groups
also results in a loss of selectivity (NH,-PPEGS, Fig. 3c) due to
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Figure 2 | Construct that selectively recognizes oestradiol, and non-selective mutants. a, RITC-PEG-RITC-SWNT enables selective recognition of
oestradiol via a selective quenching response on exposure to 100 WM oestradiol. b-d, Chemical mutants FITC-PEG-FITC-SWNT (b), PE-PEG-SWNT (c),
and sodium cholate-SWNT (d) lose sensitivity, selectivity, or both, to oestradiol. To the left of the bar charts are the polymer structure (top left),
schematics of the polymer-SWNT complex (top right), and front (bottom left) and side (bottom right) views calculated from molecular dynamics
simulations. The schematics are deduced from a combination of polymer molecular structure and fingerprinted response profile, further supported by
single-particle tracking data and molecular dynamics results. Colour coding for molecular dynamics simulation results are provided in the Supplementary
Information. Bar charts show intensity change of these complexes against a panel of 36 biological molecules. The error bars represent two standard

deviations of triplicate measurements. Data represent (7,5) SWNT species.

the decrease in polymer hydrophobicity. For Fmoc-Phe-PPEG8-
SWNT, both the aliphatic chain and the Fmoc group adsorb onto
the SWNT. We propose that the strong interaction between Fmoc
and r-thyroxine leads to the molecular recognition. Analogous to
the previous example, we hypothesize that the PEG groups form
loops, extending into the aqueous phase, imparting colloidal
stability. Additionally, steric hindrance between the PEG arms
influences how the Fmoc ends pack on the SWNT surface,

NATURE NANOTECHNOLOGY | VOL 8 | DECEMBER 2013 | www.nature.com/naturenanotechnology

providing additional control of the footprint on the SWNT
surface. For NH,-PPEG8-SWNT, only the aliphatic chain is
adsorbed on the surface of the SWNT, while the amine group,
mostly protonated at pH 7.4, will extend into the aqueous phase.
The less selective response profile of NH,-PPEG8-SWNT suggests
that the nanotube surface is more exposed compared to the
Fmoc-Phe-PPEG8-SWNT and is also consistent with the polymeric
structure. In addition, single-particle tracking estimates a radius of
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Figure 3 | Construct that selectively recognizes L-thyroxine, and non-selective mutants. a, Fmoc-Phe-PPEG8-SWNT enables selective recognition of
L-thyroxine via a selective quenching response on exposure to 100 uM L-thyroxine. b-d, Chemical mutants Fmoc-Phe-PPEG4-SWNT (b), NH,-PPEG-SWNT
(c), and (GT);5-SWNT (d) lose sensitivity, selectivity, or both, to L-thyroxine, as shown in the bar charts showing the intensity response of these complexes
on exposure to same library of molecules. The error bars represent standard errors of triplicate measurements.

1.82nm for the Fmoc-Phe-PPEG8-SWNT construct, consistent
with the molecular dynamics estimation of 2.5 nm. However, radii
estimated from TEM (Supplementary Fig. 17) and AFM
(Supplementary Fig. 16) are twice as large, suggesting free
polymer adsorption onto the SWNT surface during the drying
process for AFM and TEM sample preparation.

Yet another example is provided by a 53 mol/mol boronic acid-
substituted phenoxy-dextran-wrapped SWNT (BA-PhO-Dex-
SWNT, Fig. 4). The emission maximum of the complex redshifts
~11 nm on addition of riboflavin, but not with the other diol-
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containing substrates that typically bind to boronic acids
(Supplementary Fig. 18). The response is reversed in particular by
the addition of a riboflavin-binding protein, which competitively
inhibits riboflavin-SWNT binding (Supplementary Fig. 19). The
optical modulation in this example is a wavelength redshift
instead of fluorescence quenching as above. This type of response,
attributed to solvatochromism* induced by a polymer dielectric
change, is rare among the systems examined to date. For instance,
poly(vinyl alcohol)-wrapped SWNT (PVA-SWNT, Fig. 4c) shows
an intensity response to a number of analytes, including dopamine,

NATURE NANOTECHNOLOGY | VOL 8 | DECEMBER 2013 | www.nature.com/naturenanotechnology
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L-ascorbic acid, L-thyroxine, melatonin, NADH, serotonin and
tyramine, but does not show any wavelength shift when screened
with the molecular library. Removal of the boronic acid from the
phenoxy dextran (PhO-Dex) causes a loss of selectivity, with a
response from L-thyroxine (Fig. 4b). Molecular dynamics simulation
shows that the introduction of the boronic acid group makes the
dextran less flexible and increases the surface coverage.
Meanwhile, sodium dodecyl sulphate (SDS, Fig. 4d) adsorbed
SWNT shows a non-selective wavelength-shift response, presum-
ably from a more loosely packed adsorbed layer’®*, allowing
greater molecular access to the SWNT surface. Comparison of the

OH
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radii of various polymer-SWNT complexes using multiple charac-
terization methods is available in Supplementary Table 3
(Supplementary section ‘Materials and Methods’).

Equation of state model describing molecular recognition

To gain physical insight into the mechanism behind the observed
polymer-analyte interactions, we developed a predictive model
that can estimate analyte surface coverage 6, which is assumed to
be linearly proportional to the fluorescence change |AI/I,| via a con-
stant 3, or |AI/I,| = B6. In this work, we estimate 8 by choosing two
reference polymers, PVA and FITC-PEG-FITC, whose combination
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Figure 4 | Construct that selectively recognizes riboflavin, and non-selective mutants. a, BA-PhO-Dex-SWNT enables selective recognition of riboflavin via
a selective wavelength shift on exposure to 100 uM riboflavin. b-d, Chemical mutants PhO-Dex-SWNT (b), PVA-SWNT (c), and SDS-SWNT (d) lose
sensitivity, selectivity, or both, to riboflavin, as shown in the bar charts showing the shift in emission wavelength of SWNT complexes against the same
library of molecules. The error bars represent two standard deviations of triplicate measurements. Data represent (7,6) SWNT species.
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Figure 5 | Two-dimensional equation of state model for describing molecular recognition. a, Calculated intensity response, B6.,, as a function of
experimental intensity modulation, which is the absolute value of Al/l,. Green region: modelled responses are within 20% error of the actual responses,
which accounts for 83% of all data. Blue is the ‘false-positive’ region (13.1%), where the model over-predicts the response more than 20%. Pink is the
region (3.7%) where the model under-predicts the response by more than 20%. Over-predicted NADH responses are shown as red dots and under-
predicted dopamine responses as green dots. b, B,, values for each pair of analyte and polymer anchor. Blue and green boxes highlight the molecular
recognition cases. ¢, Fluorescence quenching of (7,5) RITC-PEG-RITC-SWNT as a function of oestradiol concentration. Dashed red lines are fits of the
data to a Type | Langmuir adsorption isotherm with Ky =25 uM and |Al/l],., = 0.80. Dashed black lines are fits of the data to the two-dimensional
equation of state model with =1 and B,, = —400 A2 d, Fluorescence quenching of (7,5) Fmoc-Phe-PPEG8-SWNT as a function of L-thyroxine
concentration. Dashed red lines are fits of the data to a Type | Langmuir adsorption isotherm, with K; =23 wM and |Al/l|,,,, = 0.76. Dashed black lines
are fits of the data to the two-dimensional equation of state model with 8=3.2 and B,, = —1,150 A?. Data were taken with three replicates, and error

bars are two standard deviations.
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Figure 6 | Tunability of BA-PhO-Dex-SWNT sensor, and application in spatial and temporal chemical imaging in live Raw 264.7 macrophage cells.

a, Shift in emission maximum of a (7,6) nanotube as a function of riboflavin concentration for BA-PhO-Dex-SWNTs (red squares) and PhO-Dex-SWNTs
(black triangles). A competitive binding curve (blue circles) is also shown for BA-PhO-Dex-SWNT, where each concentration of riboflavin is also mixed
with ten additional diol-containing molecules . Dashed lines are fits of the data with a Type | Langmuir adsorption isotherm with K; = 4.23 pM and

A, =10.2 nm, and with K;=4.39 uM and A, = 11.5 nm without the competing analyte. The PhO-Dex-SWNT shifting response could not be fit to a
Type | isotherm. Reported data points are averages of three separate measurements and reported error bars are two standard deviations. b, Number of
adsorbed riboflavin per SWNT as a function of starting riboflavin concentration, measured by radiolabelling experiments. Fitting the data with a Type |
Langmuir isotherm reveals Ky = 64.2, 344, 72.4 uM and A6, ,, = 36, 50, 4.4 riboflavin per SWNT for BA-PhO-Dex-SWNT, PhO-Dex-SWNT and BA-PhO-
Dex-polymer, respectively. For the case of the polymer, the experiments were performed such that an equal amount of unbound BA-PhO-Dex polymer as
BA-PhO-Dex-SWNT solution was used. ¢, Contour plot of 1/K for the (7,6) nanotube plotted versus polymer composition. d, Contour plot of 1/K; plotted
as a function of nanotube diameter versus boronic acid content. e-g, Brightfield image of a macrophage RAW 264.7 (e), near-infrared fluorescence of
BA-PhO-Dex-SWNTs inside the macrophage before the addition of riboflavin (f), and the resultant overlay (g). h, Time evolution of the fluorescence from
cell-encapsulated BA-PhO-Dex-SWNTs in response to extracellular riboflavin added at time t =36 s. The emission maximum shifting response is represented
by the normalized intensity of the right channel (longer wavelength) divided by the normalized intensity of the left channel (shorter wavelength).
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provides a relatively complete fluorescence response profile for all
the analytes tested such that

BPVA.FITC— PEG—FITC

_ BovaUAI/TyDpya + Berrc—pecrrrc(A/ Iy Derrepec-rirc
(I1AI/T,Dpya + (IAL/I)Derrc—prG—rrrc

Competitive adsorption of the analyte molecule and polymer
anchors on the SWNT surface can be described using a variation
of a thermodynamic model for surfactant partitioning at the
air-water interface®. The equation of state is given by

1 l 1
kg T * n(“ - kai“k) *

ma, (Y an)’ | 2 s
TR END B
(a—> xf(ak)2 a Zk ek

S
a; + 2701, Y Xty
S
a— 3 xay

In(x,) =

(1

where x; represents the molar fraction of species i on the surface, a is
the area occupied per adsorbed surfactant molecule, and Au
defines the standard-state chemical potential difference at the
surface and in the bulk. Adsorbing molecules are modelled as
adsorbing hard discs with molecular radius r; and area a;, in equili-
brium with a bulk monomer with mole fraction x;,. We designate
species 1 as the polymer anchor and species 2 as the analyte. B},
and B,, describe the self-interaction of the molecules, whereas B,,
(and equivalently B,;) describes interactions between the analyte
and polymer anchors.

For each pair of polymer and analyte, the thermodynamic
parameters (B,,, By, B,,, Aud, Aud) can be estimated a priori
with molecular simulations, and (x}, x5, a) are then solved using
equation (1). The calculated surface coverage is estimated using
0. = a,%5/a and together with Bpya prre_prg_rirc gives the calcu-
lated |AI/I,| for the (analyte, anchor) pairs for the other nine poly-
mers, to be compared with the experimental |AI/Ij| in Fig. 5a.
Bova.rrrc_pe_rirc is used to approximate §, which is considered
to be only analyte-dependent. Therefore, after evaluating this
parameter once, the same value can subsequently be used for all
future polymer-SWNT constructs as long as the same library of
analytes is used for screening.

Using this model, 83% of fluorescence responses are predicted
within 20% error of their experimental values (green in Fig. 5a),
successfully describing all three polymer recognition cases
described in this work. The restrictive assumptions, however, do
not allow for accurate modelling of NADH and dopamine. For
NADH (red circles in Fig. 5a), the model over-predicts the
response, while dopamine (green circles), among others, falls
into the false-negative region, contributing to a 3.7% false-negative
rate in Fig. 5a. The B,, values (Fig. 5b) suggest that the primary
mechanism of selectivity is a favourable interaction between the
analyte and the adsorbed polymer anchors. For example, oestra-
diol has the highest B,, value (400 A?) among analytes for
RITC-PEG-RITC. The same is true for r-thyroxine (1,150 A?)
on Fmoc-Phe-PPEGS, where the oestradiol interaction falls to
122 A2 In the case of riboflavin (500 A2) on BA-PhO-Dex, the
pattern also holds, with negligible values for oestradiol (54 A? )
and i-thyroxine (41 A?). Future work will address analyte—
anchor interactions allowing for conformational changes at the
graphene surface.

This formalism can also describe the adsorption isotherms
of oestradiol responding to RITC-PEG-RITC-SWNT and
thyroxine responding to Fmoc-Phe-PPEG8-SWNT, if B, and 8
are instead treated as adjustable parameters (Fig. 5c,d, black
dashed lines). It therefore provides a theoretical basis for
designing selective polymer-SWNT constructs for molecules of
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interest. It is instructive to compare the apparent dissociation
constants Kj, in each case, which span a range of values and are
diminished with chemical modification of the polymer phase. The
response, either |AI/l,| or |AA|, can be described by a Type I
adsorption isotherm, or AA=AA_ C/(C+K,) (Figs5c,3d4a).
We find K to be 25 uM for RITC-PEG-RITC-SWNT to oestradiol,
2.3 uM for Fmoc-Phe-PPEG8-SWNT to L-thyroxine, and 4.2 pM
for BA-PhO-Dex-SWNT to riboflavin. The selectivity and
binding affinity of BA-PhO-Dex-SWNT to riboflavin is
unaffected by the presence of a mixture of ten competing
diols, demonstrating the practical utility of the sensor (Fig. 6a,
blue). Radiolabelling of riboflavin with *H (Fig. 6b) reveals
partitioning of riboflavin into the polymer corona of the non-
selective PhO-Dex-SWNT (K= 344 uM, 6., =50 riboflavin
per SWNT), but the affinity is 5.3 times lower than the selective
construct (K;=64.2pM, 60,, =36 riboflavin per SWNT).
In addition, an equal amount of unbound BA-PhO-Dex polymer
as in the BA-PhO-Dex-SWNT solution shows K;=72.4 pM,
Opnax =44 riboflavin  per SWNT, demonstrating minimal
binding sites on just the polymer alone. It is likely that the K; in
this case appears larger than that measured from SWNT fluor-
escence because unbound riboflavin is removed before measuring
radioactivity, potentially offsetting the binding equilibrium.

Tunable analyte binding constant

The structure of the BA-PhO-Dex-SWNT allows exploration of the
influence of small changes in polymer composition on the binding
constant. Dextran alone does not suspend SWNTs, and the phenoxy
groups create SWNT attachment sites via m-stacking®°. One can
alter the polymer composition in a manner analogous to allosteric
mutagenesis in proteins*"*? and examine the resulting K, of each
variant. The K, for riboflavin decreases with increasing boronic
acid:dextran ratio and decreasing phenoxy:dextran ratio (Fig. 6¢),
with optimal binding occurring at an SWNT diameter of 0.88 nm
(Fig. 6d). K; can be decreased 1,600-fold to 1.03 pM
(Supplementary Table 2) by selecting a polymer composition of
80 mol/mol boronic acid:dextran and the (7,6) chirality nanotube.
This K, is similar to analyte binding proteins such as glucose
binding protein®® (K;=0.4 pM). Hence, the binding affinity of
these SWNT complexes is comparable to some naturally occurring
proteins and biorecognition sites.

Tracking riboflavin diffusion in macrophage cells

The recognition sites created in this work have immediate utility as
fluorescent sensors of biological molecules. To demonstrate this, we
utilized the BA-PhO-Dex-SWNT construct as an intracellular ribo-
flavin sensor. Riboflavin is an essential vitamin for eukaryotic
organisms and its transport is typically facilitated by riboflavin
carrier protein*!, for which elevated levels may predict late-stage
(stage III or IV) breast cancer with 100% accuracy®. We incubated
BA-PhO-Dex-SWNT with Raw 264.7 macrophage cells in a ribofla-
vin-free medium!? overnight (Fig. 6e-g). Using a home-built near-
infrared, dual-channel imaging microscope?*, we spatially imaged
the wavelength shifts of the (7,6) SWNT, A = 1,147 nm, on ribo-
flavin binding within murine macrophages cultured in riboflavin-
free media (Supplementary Fig. 20). On addition of riboflavin to
the extracellular media, the fluorescence of SWNTs inside the cell
redshifts systematically over time (Fig. 6h), responding to the diffu-
sion of riboflavin into the cell (Supplementary Movie 1). This is a
demonstration of dynamic, high-resolution detection of intracellu-
lar riboflavin concentration gradients.

Conclusions

We have reported a new and generic molecular recognition concept,
called corona phase molecular recognition, arising from a folded
and constrained heteropolymer pinned at an SWNT interface via
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surface forces. The recognition is realized only once the polymer and
the SWNT are conjugated with each other, while the polymers by
themselves have little to no previously identified connection or affi-
nity for the analytes of interest. We designate this effect ‘corona
phase’ molecular recognition to highlight the essential role of
both the polymer and nanotube surfaces, and we note that compar-
able spherical and elliptical nanoparticles may also show phases
capable of molecular recognition. The observation that binding
sites formed in this manner have tunable affinity following small
changes in polymer composition and nanotube chirality indicates
that the potential parameter space is exceedingly large.
Furthermore, a theoretical framework based on a two-dimensional
equation of state provides a quantitative understanding of the
library of responses and offers strong mechanistic insight for the
recognition. Our work provides a platform that can be used in
various fields, such as sensor development, nanoparticle surface
science, single-molecule polymer physics and the study of nano-
particle-biomolecule interactions. However, of immediate utility
are the families of fluorescent constructs that can be used for real-
time, intracellular detection of important biomolecules, as demon-
strated experimentally in this work.

Received 17 December 2012; accepted 10 October 2013;
published online 24 November 2013
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