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Directed evolution is a powerful approach to tailor protein properties
toward new or enhanced functions. Herein, we use directed evolution
to engineer the optoelectronic properties of DNA-wrapped single-
walled carbon nanotube sensors through DNA mutation. This approach
leads to an improvement in the fluorescence intensity of 56% following
two evolution cycles.

Synthetic nanomaterials are typically known to rely on a rational
approach for tuning their physical and chemical properties. This
approach involves modifying the morphology, composition, shape,
size, or surface chemistry of the material in a predictive manner
to achieve a desired outcome.’™ For instance, the optoelectronic
properties of quantum dots can be readily tuned by changing
particle size.” Nevertheless, this rational approach is limited to
materials for which the relationship between material’s structure
and function is known.

Materials lacking a defined structure-function relationship
are commonly encountered in the field of protein engineering.
To engineer these biomaterials, directed evolution, which relies
on the iterative screening and selection of mutants from a
collection of mutated proteins, is used to enhance or change a
desired protein function.>® Herein, we apply a directed evolution
approach to engineer the optoelectronic properties of nano-
materials, in particular single-stranded DNA-wrapped single-walled
carbon nanotubes (ssDNA-SWCNTs) complexes, which currently
lack a defined structure—function relationship.

SWCNTs are cylindrical one-dimensional nanostructures
that can be conceptualised as rolled-up sheets of graphene.’
The rolling angle of the graphene sheet determines the (n,m)
chirality of the SWCNT, resulting in either metallic or semi-
conducting properties.” Semiconducting SWCNTs have attracted
particular interest in the field of optical biosensing owing to
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their near-infrared emission that presents many advantages over
the emissions of conventional fluorophores. These advantages
include fluorescence tunability and long-term photostability, as
well as the ability to image in living tissue and blood, which
absorb minimally in the near-infrared range.**° Furthermore,
the surface of SWCNTs can be functionalised with biomolecules
such as ssDNA. This functionalisation imparts both colloidal
stability in aqueous solutions and analyte specificity for optical
sensing applications.'’™*? Previous studies have reported that
the sequence of the DNA used to suspend the nanotube con-
tributes to variations with respect to SWCNT chirality affinity,
analyte selectivity, and the fluorescence intensity of the ssSDNA-
SWCNT complex."**® However, a general understanding of how
the DNA sequence affects these properties is lacking.

An empirical approach has thus far been used to identify
ssDNA sequences that yield complexes with a preferred fluores-
cence responses to specific analytes.>'® In this approach,
SWCNTs wrapped with different oligomers are incubated in
the presence of various analytes and specificity is determined
according to the observed fluorescence response. Sensors
developed using this approach are currently used for in vitro
and in vivo measurements. ! However, these sensors suffer from
limited quantum yields (QYs), typically lower than surfactant-
suspended SWCNTSs which report maximum QYs of ~1%.%*> In
addition, this current approach has been used to monitor the
response of only 13 distinct DNA oligomers at a time. Given that
a typical DNA sequence used in these studies is approximately 30
nucleotides long, these oligomers have a total of 4°° different
possible sequence combinations. As a result, the performance of
the majority of these distinct sSDNA-SWCNT sensors is over-
looked when using the current approach.

Directed evolution offers a guided search through this vast
DNA sequence space. In this article, we use directed evolution
to increase the fluorescence efficiency of a sSDNA-SWCNT
sensor. The evolution of the ssSDNA-SWCNT sensor was done
through the cyclic procedure illustrated in Fig. 1a: (1) random
mutation of a selected sensing oligomer; (2) wrapping of the
mutated oligomers on SWCNTs; (3) screening of the ssSDNA-SWCNT
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Fig. 1 Application of directed evolution to ssDNA-SWCNTs. (a) Scheme of
an evolution cycle for ssDNA-SWCNTs. Various ssDNA sequences are
wrapped on SWCNTSs, and the library of ssDNA-SWCNTSs is screened for
a desired property such as increased fluorescence intensity. (b) Graphical
representation of a hypothetical fitness landscape for ssDNA-SWCNTs.
This plot illustrates how a particular property of the complexes may be
evolved through ssDNA mutation. The fitness, in this case fluorescence
intensity, of the sensors is represented as a function of the different DNA
sequences. A representative evolution pathway is shown in black, where
the circle represents the starting complex, and the stars represent the
successive, improved mutants obtained after each round of screening.

complexes for enhanced fluorescence; and (4) selection of the
mutants showing the highest fluorescence intensity for the next
round of mutation. This approach assumes a smooth fitness
landscape (Fig. 1b) whereby the evolution of a particular
ssDNA-SWCNT property, in this case the fluorescence intensity,
is envisioned as a continuous path among peaks and valleys
which represent the respective enhancement or attenuation of
this property.

In this work, we applied a directed evolution approach to
enhance the fluorescence intensity of sSDNA-SWCNT variants
based on the (GT);5 sequence. The (GT),5 sequence was chosen
because of its application in neurotransmitter sensing.'® Three
random nucleotide substitutions were introduced computation-
ally at randomized locations within the sequence (ESIT). These
randomly generated (GT), 5 derivative sequences were chemically
synthesized (Microsynth AG, Switzerland) with a >99.25%
coupling efficiency. For the first evolution cycle, 99 mutants of
the (GT);5 sequence were screened for increased integrated
fluorescence intensity and for increased intensity of individual
SWCNT chiralities. A second round of mutagenesis was per-
formed by introducing three random nucleotide substitutions to
the mutants exhibiting increased integrated fluorescence inten-
sity. For this round, a library size of only 10 additional sequences
was needed to identify additional mutants that exhibited greater
fluorescence enhancement. The absorbance and fluorescence of
the SWCNT complexes were compared before and after wrapping
to verify that the nanotubes were well suspended by the ssDNA
(Fig. S1, S2 and S6, EST+).

We identified several mutants in each cycle that exhibited
higher fluorescence intensities compared to the starting
(GT);5-SWCNT complex (Fig. 2a and Table 1). The sequences
of the DNA mutants are provided in Table S1 (ESIt). In the first
mutagenesis cycle, we identified two mutant complexes that
demonstrated statistically increased integrated fluorescence
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Fig. 2 Increase of fluorescence intensity after two evolution cycles.
(@) Integrated fluorescence intensity under 745 nm excitation of the
ssDNA-SWCNT mutants normalised by the (GT)15-SWCNT intensity. The
integrated intensity is calculated from the additive emissions for wave-
lengths between 900 and 1400 nm. The error bars represent 1 standard
deviation (n = 3 replicates). The * symbol indicates p < 0.05 and “n.s.”
indicates p > 0.05 according to two-sample student t-tests. (b) Photolumines-
cence excitation (PLE) maps of the (GT);5-SWCNT and M13-1-SWCNT com-
plexes. The SWCNT chiral indices (n,m) are indicated in white. The fluorescence
intensities are normalised to the maximum intensity in each plot.

intensity compared to the (GT);5-SWCNT complex: the M13-
and M47-SWCNT mutants (Fig. 2a). The second mutagenesis
cycle, that was performed on the M13 sequence, yielded two
additional mutants, M13-1- and M13-6-SWCNT, that showed
increased integrated fluorescence intensity compared to (GT);s-
SWCNT complex. Furthermore, the M13-1-SWCNT mutant showed
enhanced fluorescence compared to the M13-SWCNT mutant.

In addition to increases in integrated fluorescence emis-
sions, we noted a strong chirality dependence on fluorescence
enhancement. As shown in the photoluminescence excitation
maps (Fig. 2b), the increase in fluorescence intensity was larger
for the (9,4), (10,2), and (8,6) chiralities. A quantitative comparison
of the fluorescence changes for the different chiralities and the
integrated intensity relative to the starting (GT),5-SWCNT complex
is shown in Table 1. Overall, the M13-1-SWCNT showed the
greatest fluorescence enhancement with an improvement in the
integrated intensity of 41% compared to (GT);5-SWCNT. Moreover,
the (9,4), (10,2), and (8,6) chiralities showed fluorescence
intensity increases of up to 43%, 54%, and 56%, respectively.

This journal is © The Royal Society of Chemistry 2019
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Table 1 Fluorescence intensity change (in %) for the ssDNA-SWCNT mutants compared to the (GT);5-SWCNT complex for the (6,5), (7.5), (7.6), (9,4),
(10,2) and (8,6) chiralities. The integrated fluorescence intensity under 745 nm excitation is labelled as “ALL"

Mutant ALL (6,5) (7,5) (7,6) (9,4) (10,2) (8,6)
M13 20 + 14* 1£8 3+9 -3+ 11 22 + 17 35 + 16* 13 £+ 18
M4a7 28 + 16* 6 + 10 7 £ 10 -8+ 11 21 + 18 46 + 17* 40 + 24*
M71 19 £+ 18 3+ 10 13 £ 13 -2+ 15 13 £ 20 38 £+ 20* 20 £+ 24
M13-1 41 4+ 19* 5+ 11 1+11 2+ 13 43 + 21* 54 4+ 19* 56 4 26*
M13-6 32 +17* 249 -7 £ 10 -5+ 13 28 £+ 20* 44 + 18* 49 + 25*

The error represents 1 standard deviation (n = 3 replicates). The * symbol indicates p < 0.05 for two-sample student ¢-tests between the complex

and (GT);5-SWCNT.

Although the increase in the integrated intensity of the
M71-SWCNT was not statistically significant compared to
(GT);5-SWCNT (Fig. 2a), significant increases (+38%) were
observed for the (10,2) chirality (Table 1). Additional
measurements involving surfactant replacement of the
ssDNA'® verified that the observed fluorescence changes were
neither due to changes in SWCNT concentration nor chirality
distribution (Fig. S1 and S2, ESIT). The changes in fluorescence
intensity were, thereby, assumed to be directly related to
variations in the fluorescence QY of the complexes.

The QY of ssDNA-SWCNTs is believed to depend on a variety of
factors. One such factor is DNA coverage on the SWCNT surface. The
DNA wrapping reduces the amount of exposed SWCNT surface,
shielding it from oxygen.”®” Since oxygen induces fluorescence
quenching, denser coverage can, therefore, yield increased fluores-
cence emission.”®® The dependence of fluorescence intensity
on SWCNT surface coverage also partially explains the chirality-
and sequence-dependence of the fluorescence changes observed
in this work. In agreement with these observations, previous
studies have shown that the binding energy and wrapping angle
of the DNA on the surface of the SWCNT can depend on the DNA
sequence and the SWCNT chirality.”®

The starting (GT),;5s-SWCNT complex is responsive towards
certain neurotransmitters, including dopamine, which on addi-
tion results in a fluorescence increase.'® Dopamine detection
assays were performed on the (GT);5-SWCNTs and the mutant
complexes in order to test whether the sensing capability was
compromised post-mutation. A summary of these sensing
responses is provided in Table S2 (ESIt). Dopamine was found
to increase fluorescence in a chirality-specific manner (Fig. 3a), with
more pronounced responses for the (8,6) chirality observed for both
the (GT);5- and M13-SWCNTs (p-value < 0.05). No significant
differences in dopamine response were observed between the
(GT);5s and mutant complexes for neither the (9,4) chirality nor
the integrated intensity. However, for the (10,2) chirality, the M13-,
M13-1-, and M13-6-SWCNTs showed overall stronger responses
towards dopamine compared to the starting (GT);5-SWCNT
complex (p-value < 0.05). No response was observed for the
(GT)y5- or mutant complexes towards other neurotransmitters,
including glutamic acid, y-aminobutyric acid (GABA), acetylcholine,
and glycine (Fig. 3a and Fig. $4, ESIt), demonstrating that selectivity
towards dopamine is retained post-mutation. A comparison of
the calibration curves for the (GT);5- and M13-SWCNT complexes
(Fig. S5, ESIT) confirmed that the mutant and original sensors are
similarly able to detect 100 nM of dopamine.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Response of the ssDNA-SWCNT complexes to dopamine and
glutamic acid (final analyte concentrations of 100 uM). (a) Response of
the ssDNA-SWCNT sensors towards dopamine and glutamic acid as a
function of the intensity of the (9,4), (10,2), and (8,6) chiralities as well
as the integrated intensity under 745 nm excitation (labelled “ALL").
The response | is normalised to the intensity before dopamine addition /q.
(b) Fluorescence spectra of the (GT);5-SWCNT (blue curves) and M13-1-
SWCNT (red curves) complexes before (dotted lines) and after (solid lines)
dopamine addition. The shaded areas represent 95% confidence intervals.

These results show that the mutant complexes demonstrate
increased fluorescence intensities while simultaneously retaining
the dopamine responsivity of the original sensor. In addition,
the fluorescence enhancement of the mutant complexes relative
to the (GT);5-SWCNT complex is sustained even following the
addition of dopamine (Fig. 3b and Fig. S3, ESIT). This improve-
ment in the fluorescence intensity of these sensors, both before
and after dopamine addition, can enable in vivo imaging at
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penetration depths up to 193 pum deeper’® (ESIt), without
compromising dopamine detection.

In this article, we evolved brighter ssDNA-SWCNT sensors
through directed evolution of the DNA wrapping. While the reasons
for the fluorescence intensity enhancement remain unclear, we
demonstrate a guided approach that can be used to tune ssSDNA-
SWCNT properties in the absence of a defined structure-function
relationship. Whereas previous work has focused on monitoring
the response of a relatively small collection of random DNA
sequences against a variety of analytes, we have instead focused
on screening the performances of a larger library of mutants for a
single characteristic, in this case fluorescence intensity. Although
the observed SWCNT fluorescence increase is lower than other
reported methods,***'> the enhancement described herein was
achieved without the addition of any exogenous compounds. This
achievement is of particular importance for in vivo sensing applica-
tions since additives, such as reducing agents or nanoparticles, can
lead to increased cytotoxicity and diminished sensitivity and/or
selectivity of the sensor,2631:3%36

While further enhancement may be achieved by refinements,
such as screening even larger DNA libraries over additional
evolution cycles, the results of this study aim to demonstrate
the applicability of a new technique in navigating the fluores-
cence intensity landscape of ssDNA-SWCNTs. More generally,
this work establishes a new, guided technique that can be
applied not only to improve properties of existing optical SWCNT
sensors, such as sensitivity and selectivity, but also to engineer
new sensors with capabilities that are yet to be discovered.
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