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Abstract:

In this study, we develop and apply a directed evolution approach to engineer the optical sensing
properties of DNA-wrapped single-walled carbon nanotubes (DNA-SWCNTS) towards mycotoxins,
a class of molecules critical to detect in the food industry. We successfully demonstrate the creation
of sensors for the detection of both the aflatoxin B1 (AFB1) and fumonisin B1 (FB1) mycotoxins
based on the specific response of the (9,4) and (7,5) SWCNT chirality fluorescence peaks,
respectively. The resulting chirality-specific responsivity was used to demonstrate the multimodal
detection of both mycotoxins at different wavelengths of light in the presence of complex food
medium. Moreover, we show that directed evolution can be used not only to improve the chiral-
dependent selectivity of our sensors to the mycotoxins, but also the sensor sensitivity and fluorescence
intensity through multiple rounds of evolution. The approach demonstrated in this study is versatile
and could be generalized to other SWCNT sensors as well as other nanosensors comprising a

biological element.
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Nanosensors, sensors with at least one dimension below 100 nm, have garnered significant interest
in a variety of fields including health care!, environmental monitoring?, and the food industry?.
However, despite their many advantages, the interaction and performance of such sensors in the
presence of a desired target analyte can be difficult to predict, and therefore difficult to engineer,
because of uncertainties surrounding the sensor’s structure-function relationship. In such cases, the
sensors are typically engineered using empirical approaches*’ based on extensive screening of
random configurations yielding sensors with suboptimal performances. Analogous challenges in
engineering complexes with ill-defined structure-function relationships have already been addressed
in the field of protein engineering, where synthetic biologists have relied on directed evolution to
engineer proteins in a guided manner®. With this approach, a continuous relationship between
protein’s structure and function is assumed, limiting the screening to variants of an initial protein with
residual, albeit sub-optimal, performance. This strategy therefore biases the screening to variants that
are likely to show at least some desired activity to enable the relatively efficient identification of
optimized protein mutants that would, otherwise, be almost impossible to find through random
screening®.

Recently, the applicability of directed evolution has been demonstrated beyond the field of protein
engineering for DNA-wrapped single-walled carbon nanotube (DNA-SWCNT) nanosensorst®.
Semiconducting SWCNTSs are particularly attractive materials for the creation of optical sensors
owing to their sensitive and photostable near-infrared (NIR) fluorescence, as well as their ability to
be functionalized with a wide variety of molecules!!. When non-covalently conjugated with single-
stranded DNA, SWCNTSs can exhibit various sensing capabilities where the sensitivity and selectivity
depend on the DNA sequence®”’. So far, how the DNA sequence and SWCNT chirality determines
the sensing properties of DNA-SWCNT complexes remains unknown, limiting the performance and
applicability of such sensors. In previous work, we demonstrated the application of directed evolution
to improve the fluorescence quantum yield of DNA-SWCNT complexes by up to 56% in the absence
of information on the complex’s structure. Herein, we use directed evolution to engineer the
properties of DNA-SWCNTs beyond fluorescence intensity. Specifically, we demonstrate the first
DNA-SWCNT sensors for the detection of mycotoxins and show how directed evolution can be used
to engineer their performance.

Mycotoxins are secondary metabolites produced by fungi in food products that are responsible for a
range of diseases in humans?*3, The Food and Agriculture Organization estimates that at least 25%
of the global food crop is contaminated with mycotoxins'*; aflatoxin B1 (AFB1), fumonisin B1
(FB1), ochratoxin A (OTA), zearalenone (ZEN), and deoxynivalenol (DON) are the most commonly
occurring toxins in cereals such as corn®®. AFB1 is of particular concern owing to its high prevalence

and toxicity. The rapid, sensitive, and specific detection of mycotoxins is therefore crucial to increase
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food security and avoid economic losses associated with contamination. Conventional methods for
assaying mycotoxins in food sources include chromatographic and immunoassay-based approaches.
However, these methods tend to be time consuming, expensive, non-reversible or require extensive
sample preparationt?13,

In this study, we propose a label-free approach for the rapid multimodal detection of mycotoxins. As
this approach is based on the NIR fluorescence of SWCNTSs, it enables a non-destructive, in situ
detection of mycotoxin, while simultaneously reducing the optical background from the food matrix
at visible wavelengths®®. Although the initial DNA-SWCNT sensors found by random screening
exhibited weak responses towards mycotoxins, we were able to engineer sensors towards two
mycotoxins, AFB1 and FB1, by monitoring two different SWCNT chiralities. We further
demonstrated that we could use directed evolution to enhance the performance of these sensors,
increasing the AFB1 response by more than 3-fold. Moreover, we demonstrate the accelerated
engineering of mutants with enhanced performances using a DNA shuffling recombination technique.
Finally, our studies enabled us to elucidate two distinct modes of interaction for the AFB1 and the
FB1 sensors, allowing a better understanding of the sensors’ underlying properties such as sensor
reversibility. This work therefore demonstrates the strength of directed evolution for engineering the
overall properties of DNA-SWCNT sensors as well as nanosensors in general that comprise a

biological component.

Results and discussion

We studied the response of DNA-SWCNT complexes towards a range of mycotoxins commonly
found in corn-related products (Figure la): AFB1, FB1, OTA, ZEN and DON. Owing to its
prevalence in the food industry, we first searched for promising DNA sequences for the detection of
AFB1. We initially screened a library of 100 diverse DNA-SWCNT complexes (see Methods)
against AFB1 and monitored the fluorescence response of the SWCNTs (Figure S7). From this
screening, we identified an analogue of the (AG)15 sequence, A(AG), that exhibited a strong selective
response towards AFB1 (Figure 1b). Specifically, we observed a red-shift of the SWCNT
fluorescence emission towards higher wavelengths for the (9,4) chirality (1.65 £ 0.16 nm). Although
we observed strong shifting response, the intensity of the (9,4) peak post-addition (Figure S8) was
not significantly different from the control.

We then applied the directed evolution approach on the A(AG) sequence to increase the shifting
response of the (9,4) chirality towards AFB1 (Figure 1c-d). We sequentially introduced random base
substitutions, one per round of evolution, and selected the mutants that showed greater fluorescence
shifts in response to AFB1. The sequences of the main DNA mutants are listed in Table S2. From

the first library of mutants originating from the A(AG) sequence, we selected three sensors, A-1, B-1
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Figure 1: Directed evolution of the AFB1 sensor. (a) Structures of the mycotoxins screened: AFB1, DON, ZEN, OTA, FB1. (b)
Fluorescence wavelength shifting response of the A(AG) sensor following the addition of different toxin solutions (10 pM).
Wavelength shifts were calculated for the (7,5), (10,2), (7,6) and (9,4) SWCNT chiralities as the difference in peak position with and
without toxin. (¢) Schematic of the evolution of the AFB1 sensor. The sequences were selected based on increases in the shifting
response of the (9,4) peak in the presence of AFB1. The A(AG) sensor was selected from an initial library (light grey). Three families
of mutants were created (blue, yellow and green for the A, B, and C families, respectively) from individual mutants harboring a distinct
random substitution in the A(AG) sequence. The "+1" denotes the introduction of a single, random base substitution. The numbers
following the family letters correspond to the generation of the mutant. (d) Response of the AFB1 sensors across multiple rounds of
evolution. The colors correspond to the families of sensors shown in (c). All measurements were taken in the presence of AFB1 (10
M) following 200 min incubation. Error bars represent 1 ¢ standard deviation (n = 4).

and C-1, which showed the greatest increase in response (Figure 1d, Table S3). These mutants were
subsequently subjected to another round of mutagenesis, resulting in the selection of one additional
mutant per sequence family (A-2, B-2 and C-2). As the A family of sensors demonstrated the greatest
improvement of all three mutant families, we performed two additional rounds of mutagenesis
resulting in the discovery of the A-3 and A-4 mutants (Figure 1d, Table S3). Using our directed
evolution approach, we managed to successfully improve the shifting response of the sensors by
314% compared to the starting sequence after four rounds of evolution (Figure 1d, Table S3). When
considering the selective engineering of DNA-SWCNT sensors, the increase demonstrated here by
directed evolution is greater than what was previously shown for serotonin sensors through high-
throughput selection from an even larger library sizel’. Moreover, this improvement was achieved

without compromising the selectivity of the response (Figure S9). This systematic improvement of a
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Figure 2: Improving sensor performance using DNA sequence shuffling and recombination. (a) Schematic of the methodology used
to create shuffled sequences. The parent sequences, A-2 (blue) and B-2 (yellow), were decomposed into small fragments of fixed
length, which were subsequently randomly recombined to form a library of shuffled sequences, including the S5 chimera sequence.
(b) AFBL1 response for the parent sensors (A-2 and B-2), the resulting shuffled sensor (S5) and the sensor selected after 4 rounds of
mutagenesis (A-4). Measurements were taken in the presence of 2.5 uM AFB1 following 200 min incubation. * p < 0.05 and ** p <
0.01 (two-sample t-test, n = 4). Error bars represent 1 ¢ standard deviation (n = 4).

single sensing property is unlikely in screens of random DNA-SWCNT sensors, which can also result
in drastic differences across multiple properties, e.g. analyte sensitivity and selectivity5€,

Although this approach has been shown to yield mutants with improved performances during the
initial rounds of evolution, further improvements may eventually stagnate, in agreement with
previous observations on the directed evolution of proteins. According to protein engineering theory®,
the likelihood of identifying a sequence with improved performance is expected to decrease after
several evolution rounds, particularly as one approaches a local optimum. To circumvent this
limitation, one approach is to screen a larger library size to increase the search space within the
vicinity of the local optimum. This approach increases the probability of including increasingly rare
mutants with performances that exceed the already improved performance of the previous mutant.
Another approach is to create a new library based on the combinatorial shuffling of mutations and
fragments from the mutants from the previous rounds of evolution®®. This approach may benefit from
not only synergistic coupling of beneficial mutations that may lead to enhancements beyond those
achieved with the original mutants, but also the ability to navigate the sequence space towards a new
local optimum with higher performance.

Applying an analogous approach to our engineering strategy, we implemented a DNA shuffling
approach to recombine the fragments of mutants from the previous evolution rounds*®. Specifically,
we selected the two best sensors from the second round of mutagenesis, A-2 and B-2, combined them

using DNA shuffling and screened the resulting mutants for an improved AFB1 response (Figure 2a,
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Figure 3: Directed evolution of the sensor's intensity and selectivity. (a, ¢) Correlation between (a) the fluorescence intensity and the
(9,4) response to AFB1 and between (c) the (7,5) response to FB1 and the (9,4) response to AFBL1 for the selected mutants (Fig. 1c),
the A(AG) and the S5 sensors. The increase in AFB1 response is accompanied by (a) a decrease in peak intensity (Spearman: p = -
0.95, p < 0.05) and (c) an increase in FB1 response (Spearman: p = 0.81, p < 0.05). (b) Comparison of the fluorescence intensity (left)
and AFB1 response (right) between the A-2, B-2, S5 sensors and the Q-3 evolved for intensity (top). (d) Comparison of the FB1
response (left) and selectivity (right) between the S5, Q-3 sensors and the F-3 evolved for FB1 sensing (top). The selectivity is
calculated as the ratio of the FB1 response to the AFB1 response for the (7,5) chirality. All measurements were taken in the presence
of 5 uM of the corresponding toxin following 200 min incubation. The * indicates a significant difference between the means (p <
0.05, two-sample t-test, n = 4). All error bars represent 1 ¢ standard deviation (n = 4, n=3 if marked by §).

Figure S11). From this screening, we identified the S5 sensor, using a fragment size of 5 nucleotides,
that exhibited the highest increase in response compared to its parent sequences (up to 90% higher,
Figure 2b). This shuffled sequence also demonstrated a significantly higher response compared to
the A-4 sequence (Figure 2b) that was achieved after 4 rounds of evolution. This observation
confirmed that the DNA shuffling strategy is an effective means of further engineering DNA-SWCNT
Sensors.

Despite the improved response of our DNA-SWCNT sensors towards AFB1, we observed a
simultaneous decrease in the fluorescence intensity of the sensors with progressing rounds of

evolution (Figure 3a), analogous to the decrease in stability observed in protein engineering®. For
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example, the intensity of the S5 sensor decreased by almost 50% compared to the A(AG) sensor. As
the performance of fluorescence sensors is often linked to their brightness, this decrease could be
detrimental to the applicability of the sensor. To address this issue, we applied an additional three
rounds of mutagenesis on the S5 sensor to improve the fluorescence intensity (Figure S12). The final
Q-3 sensor showed an increase in the fluorescence intensity of 21% versus the S5 sensor, without
significant changes to the AFB1 response (Figure 3b). Furthermore, the Q-3 sensor showed a
comparable intensity to the A-2 and B-2 sensors, while exhibiting a greater shifting response (+35%
and +58%, respectively).

While improving the sensors for AFB1 detection via the (9,4) chirality, we noted a concurrent
improvement in the sensors’ wavelength shifting response towards FB1 for the (7,5) and (10,2)
chiralities (Figure 3c, Figure S14). These chiralities did not exhibit a significant change in intensity
in the presence of FB1, once more yielding sensors based on wavelength shifting responses (Figure
S8, Table S4). We performed three subsequent rounds of mutagenesis on the S5 sensor (Figure S15)
to improve the FB1 response on the (7,5) and (10,2) chiralities. The final mutant, F-3, exhibited both
an increased FB1 response as well as a decreased AFB1 response, resulting in a sensor with increased
selectivity to FB1 compared to AFB1 for the (7,5) and (10,2) chiralities (Figure 3d, Figure S15,
Figure S16). The (7,5) chirality showed the greatest FB1 selectivity owing to a lower response
towards AFB1 (Figure S16). We therefore chose to monitor the FB1 response exclusively on the
(7,5) chirality in the following experiments. In addition, we observed an improved selectivity of the
Q-3 sensor towards AFB1 for (9,4) chirality compared to the S5 sequence, due to its reduced
sensitivity towards FB1 (Figure S17).

Having engineered AFB1 and FB1 sensors, we further applied these sensors for the real-time
multimodal detection of mycotoxins in food samples. In particular, the Q-3 and F-3 sensors were used
to detect both AFB1 and FB1 at the (9,4) (ca. 1140 nm) and (7,5) (ca. 1050 nm) chirality wavelengths
in corn flour media. Calibration curves were constructed to determine the sensitivity of the Q-3 sensor
towards AFB1 and the F-3 sensor towards FB1 in presence of corn extract using the (9,4) and (7,5)
chirality peaks (Figures 4a-b). The calibration curves were used to determine the limit of detection
(LOD) of the Q-3 and F-3 sensors towards AFB1 and FB1, respectively (Figure S20). Following the
addition of AFBL1 to the Q-3 and FB1 to the F-3 sensor, respectively, we observed shifts of > 0.24
(AFB1) and > 0.35 nm (FB1) at a concentration of 1 uM (LOD) in corn extract. This LOD, coupled
with the relatively easy sample preparation and speed of our sensors, makes the evolved DNA-
SWCNT sensors attractive for applications monitoring the presence of these toxins in food and
agricultural feed products®>?2. To further investigate the applicability of our sensors, we demonstrated

our sensors for AFB1 and FB1 detection in presence of other sources of toxin contamination such as
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Figure 4: Selectivity of the evolved mycotoxin sensors. Calibration curves for the wavelength shifting response of (a) the (9,4) chirality
of the Q-3 sensor and (b) the (7,5) chirality of the F-3 sensor. Measurements were taken for increasing concentrations of toxins
suspended in a corn extract solution. The response was normalized to the response of the solvent (60% methanol) containing only corn
extract. Measurements were taken following 320 min incubation. (c) The response of the (9,4) chirality of the mixed sensors after
incubation with AFB1 (red, 10 uM), FB1 (blue, 10 uM) and the mixture of both toxins (green, 10 uM for each toxin). (d) The response
of the the (7,5) chirality of the mixed sensors after incubation with AFB1 (red, 10 uM), FB1 (blue, 10 uM) and the mixture of both
toxins (green, 10 uM for each toxin). Top: the normalized emission spectra. Bottom: the shifting response compared to addition of
control (DMSQ). Measurements were taken following 200 min incubation. Error bars represent 1 ¢ standard error (n = 3).

almond flour (Figure S21). We noted that the presence of almond extract had almost no effect on the
position of the (9,4) chirality, therefore allowing an efficient sensing of AFB1 in almond products.

We evaluated the selectivity of our sensors by analyzing their response to toxin mixtures (Figure
S23). The selectivity of the response was defined as the difference between the response towards a
single toxin versus towards a mixture of toxins. By monitoring the (9,4) chirality of the Q-3 sensor,

we were able to detect AFB1 from a mixture of both AFB1 and FB1 with very little interference from
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the FB1. Similarly, by monitoring the (7,5) chirality for the F-3 sensor, FB1 could be detected from
a mixture of AFB1 and FB1, with no significant difference in response compared to the sample
containing only FB1. The independence of sensor responsivity between individual and combined
toxin solutions indicates the absence of a competitive interaction between the toxins and the nanotube
sensor. We further tested the accuracy of our sensors by comparing the concentrations measured by
SWCNT fluorescence to the concentrations as determined by HPLC-MS (Figure S25, Table B.5) for
AFB1 and FB1 extracted from spiked corn flour. For the AFB1 response on the (9,4) chirality, the Q-
3 sensor fluorescence showed greater agreement with the values determined by HPLC-MS compared
to the F-3 sensor, the latter overestimating the AFB1 concentration due to the shifting contribution
from FB1. On the other hand, for the FB1 response on the (7,5) chirality, the F-3 fluorescence gave
better concentration estimations compared to the Q-3 sensor, both for single-toxin and mixed-toxin
solutions.

We took advantage of the SWCNT chirality-specific responses of the Q-3 and F-3 sensors to perform
multimodal sensing of both toxins in a mixture by combining both sensors in a same solution (Figures
4c-d, Figure S26). Specifically, we demonstrated the ability to simultaneously detect AFB1 and FB1
by monitoring the (9,4) and (7,5) chiralities. Although previous works have demonstrated multimodal
sensing using distinct fluorescence responses of different chiralities?>?4, these studies required the
separation of SWCNT chiralities, a tedious endeavor that is incompatible with scalable applications
and limited to only certain nanotube chiralities. In this study, we obviate the need to separate
SWCNTSs by exploiting the preferential chirality-specificity of each DNA-sequence response. Since
batches of SWCNTs were prepared separately with the Q-3 and F-3 sequences and then mixed
together, the final suspension yielded (9,4) and (7,5) chiralities wrapped with both sequences. This
mixture of on- and off-target DNA sequences on each chirality was shown to yield an overall decrease
in selectivity for the mixed sensors compared to the selectivity of the individual sensors towards their
specific toxins (Figure S23). Therefore, while directed evolution provides a promising avenue for
achieving multimodal sensing in the absence of chirality separation, one must also consider possible
compromises to sensitivities in mixtures when deciding on the desired minimum sensitivity threshold
to achieve using directed evolution.

While our sensors did not require chirality sorting, they may strongly depend on the chirality
distribution, which can vary depending on the method used to prepare the DNA-SWCNTs?. To
examine this, we compared the AFB1 and FB1 responses of the A(AG), A-4, and S5 sensors prepared
by both surfactant exchange and direct sonication (Figure S27). The sonicated samples and
exchanged samples were both able to sense AFB1, however the response of the sonicated A-4 sensor
was reduced compared to the exchanged sensor. On the other hand, no FB1 response was observed
for sensors prepared by sonication. This lack of response for FB1 may be due to both the different


https://doi.org/10.1101/2023.06.13.544576
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.13.544576; this version posted June 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

a. C
1142 T 1056 .
- AFB1 —+-FB1

E”‘“ 51055 -
S 5
2 1140 2
g §1054 -
® ®

8 1139 3
< © 10531
S =

1138 |
: : : : 1052 : : - -
-add. +add. -add. +add. -add. +add. -add. +add.
b d.
FB1
AFB1 & ..L
W\j\j\ Interaction
with DNA
Interaction
with SWCNT 2 L
@
~J

DNA _ _ DNA
W\g\"\. displacement e \ \ displacement

l Washing ®

B AKX
W\rj\j\ no denaturation with denaturation

Figure 5: The sensors have two distinct mechanisms of interaction. (a, ¢) Peak position of the (a) Q-3 and (c) F-3 sensor in the absence
("-add") and presence ("+add") of AFBL1 (red), FB1 (blue) and DMSO (black) for the (9,4) and (7,5) chiralities. Measurements were
taken in the presence of 5 uM of the corresponding toxin following 200 min incubation. Error bars represent 1 ¢ standard error (n =
3). (b, d) Schematics of the proposed interaction between (b) AFB1 and DNA-SWCNT sensors, and (d) FB1 and DNA-SWCNT
sensors. The AFBL1 interacts directly with the SWCNT surface resulting in a displacement of the DNA wrapping. Upon washing, the
AFBL1 is removed from the SWCNT surface and the DNA wrapping recovers its initial conformation. FB1 interacts with the DNA
(bound to SWCNT and unbound), leading to a conformational change of the wrapping. Upon washing, the sensor can be reverted back
to its initial state only if the toxin-sensor interaction is disrupted by thermal denaturation.

wrapping structures that can occur on the SWCNT surface depending on the suspension protocol
used?2® and differences in the amount of free DNA present in the exchanged and sonicated samples.
To explore the underlying mechanism of the toxin-induced responses of the evolved sensors, we
examined the effect of possible changes in the local dielectric environment. Changes in the local
dielectric environment can trigger wavelength shifting of nanotube emission?’. While such a response
could arise from the toxin’s direct effect on changing the dielectric constant of the solvent, water in
the case of DNA-SWCNTs , previous studies have shown that AFB1 at concentrations used in our
study cannot effectively alter the dielectric constant of the water?®, The DMSO present in the toxin

solution could also affect the dielectric constant of the sensor’s solution (final concentration 1%).
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However, this effect is accounted for by measuring the shifting response versus a DMSO blank
addition. Solvatochromic shifts can also result from changes in the exposed surface area of the
nanotube?’?°, Change in SWCNT surface coverage modulates the accessibility of water on the
SWCNT surface, which can consequently alter the local dielectric environment of the SWCNT.
Surface coverage-induced wavelength shifting has been observed extensively for various SWCNT
sensors including surfactant-covered and DNA-wrapped SWCNTs*®3, Herein, we hypothesize that
the interaction between the toxins and the DNA-SWCNTSs could result in a change in SWCNT surface
coverage, leading to the characteristic red-shifting observed in fluorescence and NIR absorbance
(Figure S28).

In the case of AFB1, we tested this hypothesis by first examining the reversibility of Q-3 sensor. A
washing protocol (see Methods) was used to remove the toxins from the DNA-SWCNT suspension
while allowing a resuspension of the sensors. We applied the washing protocol to the Q-3 sensor after
overnight incubation with AFB1 and monitored the position of the (9,4) peak (Figure 5a, Figure
S30). After washing, we observed that the peak position was the same irrespective of whether the
sensor had previously interacted with AFB1 or DMSO (negative control). In addition, we also noted
that the washed Q-3 sensor showed a similar response to the unwashed Q-3 sensor upon subsequent
additions of AFB1. A similar result was observed for the F-3 sensor (Figure S30). These findings
suggest that AFBL1 interacts with DNA-SWCNT non-covalently and that the interaction between
AFB1 and the DNA-SWCNTSs is reversible. Interestingly, we note a minimal red-shifting of the peak
position as well as a slight decrease in shifting response for the washed samples. We attribute these
observations to the removal of free DNA that occurs during the precipitation process (Figure S34,
Figure S35).

We further examined whether this reversibility stems from a reversible interaction with the SWCNT,
the DNA, or both elements. Previous studies have reported the interaction of AFB1 with DNA. In
particular, the 8,9-epoxide exo isomer of AFB1 (AFBO) can form covalent adducts with guanine
nucleobases, leading to the acute toxicity of the toxin®. Since the interaction AFB1 — DNA-SWCNT
is reversible, we infer the lack of covalent interaction between the AFB1 and the DNA. In addition,
we verified the absence of AFBO in our samples by HPLC-MS (Figure S37) and by additional
measurements that confirmed a SWCNT fluorescence response towards aflatoxin B2 (AFB2) (Figure
S38), which cannot form covalent adducts with DNA. In parallel, multiple studies have reported the
non-covalent interaction of AFB1 to both double- and single-stranded DNA3% via AFB1-
nucleobase binding. In the DNA-SWCNT hybrids, the DNA nucleobases are considered
inaccessible®®, hence preventing their interaction with AFB1 molecules.

The unlikely covalent and non-covalent means of interacting with DNA therefore suggests that the
AFB1 primarily interacts with our sensor directly via the SWCNT sidewall. To test this hypothesis,
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we investigated the fluorescence response of sodium cholate (SC)-SWCNTSs in the presence of AFB1
at various SC concentrations (Figure S39), equivalent to different surface coverages as previously
described 3. As expected, no response was observed for the high coverage sample (46 mM SC);
however, a strong red-shift of the (9,4) peak was detected upon addition of AFB1 for the sample with
the lowest coverage (0.5 mM SC). Interestingly, for the other low-coverage samples (1 and 1.5 mM
SC), the (9,4) peak first red-shifted before returning to the initial value over time. We attribute the
observed shifting to the destabilization or reorganization of the SC corona upon AFB1 binding to
SWCNT, therefore resulting in a change in water accessibility and a red-shifting of the emission. The
red-shifting was also linked to a decrease in fluorescence intensity, indicative of a change in the SC
corona on the SWCNT surface (Figure S40). While this change seemed to be permanent for the 0.5
mM SC sample, the interaction AFB1 — SWCNT might not be thermodynamically favorable
compared to the SC — SWCNT interaction for the 1 and 1.5 mM SC samples, explaining the
reversibility of the shifting. To verify the interaction between the AFB1 and the SWCNT sidewall,
we added low concentrations of sodium dodecylbenzenesulfonate (SDBS) to DNA-SWCNT after
interaction with AFB1 to replace the toxin on the SWCNT surface while leaving the DNA wrapping
intact (Figure S43). At SDBS concentrations below 5 x 1072 %, we observed that only the samples
previously reacted with AFB1 would exhibit a blue-shift of the (9,4) peak, indicating a removal of
AFB1 from the SWCNT surface. Based on these observations, we propose that the AFB1 interacts
with the SWCNT surface, resulting in a displacement of the DNA on the SWCNT surface and the
observed red-shift response (Figure 5b). These observations of sensor reversibility were further
demonstrated in a working flow chamber. The sensors in this flow configuration showed reversible
shifting upon washing (Figure S46) demonstrating a proof of principle device for the continuous
monitoring of AFB1 contamination in corn- and almond-based products.

In the case of FB1, we observed that the (7,5) response of the F-3 sensor was not reversible even
following the toxin washing (Figure 5c, Figure S30), indicating a relatively strong interaction
between FB1 and the DNA-SWCNT. To verify this hypothesis, we designed a modified version of
the washing protocol where the samples were heated to 95°C before sample precipitation to denature
any strong non-covalent interactions between the toxin and the F-3 sensor (Figure S33). With this
additional denaturation step, we noted that the FB1 response was reversible, as evidenced by the
equivalent (7,5) peak position for both the FB1 and DMSO samples after washing. This heat-activated
reversibility therefore implies that FB1 interacts in a strong, non-covalent manner with the DNA-
SWCNT. This hypothesis is further supported by the hydrophilicity of the FB1, which would diminish
its interaction with the hydrophobic SWCNT surface, as supported by the lack of response towards
FB1 for low coverage SC-SWCNT samples (Figure S41, Figure S42). The interaction between DNA
and FB1 has not been thoroughly studied, but the discovery of aptamers towards FB1*' confirms the
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possibility of a non-covalent interaction such as hydrogen bonding with both the bases and backbone.
The role of free DNA in the F-3 sensor response supports the hypothesis that FB1 interacts with the
DNA in the hybrid. Upon removal of free DNA, the sensors exhibited a red-shifting of the emission
and a much lower FB1 response (Figure S35, Figure S36). This decrease in response is similar to
the lack of response observed after washing for both the non-denatured and denatured samples
(Figure S30, Figure S33). This similarity was attributed to the loss of free DNA during the washing
step (Figure S34), indicating that the free DNA is crucial for the FB1 interaction. Furthermore, we
also observed an increase in the concentration of free DNA for the sensors that reacted with FB1
compared to those reacted with AFB1 or DMSO (Figure S44). This observation implies that the
interaction with FB1 could result in the facilitated removal or weakening of the DNA interaction with
the SWCNT surface. Together, these observations suggest that the FB1 interacts non-covalently with
wrapped and free DNA in solution, contributing to a displacement of the DNA on the SWCNT surface
and a red-shifting of the emission (Figure 5d). Upon washing, denaturation can be used to dissociate
the DNA from the toxin and restore the initial wrapping (Figure 5d).

This hypothesis was further corroborated by the response behavior of the Q-3 sensor towards FB1
post-washing. While the F-3 sensor was unresponsive after toxin washing, the Q-3 sensor exhibited
a slight response towards FB1 (Figure S30, Figure S33). This observation is in accordance with the
fact that the free DNA removal had a lower effect on the FB1 response of the Q-3 compared to the F-
3 sensor (Figure S36). We hypothesize this difference is linked to the strength of the interaction
between the DNA wrapping and the SWCNT surface. To determine the binding affinity of the Q-3
and F-3 sequences to SWCNT, we performed surfactant replacement experiments using SDBS
(Figure S45). We observed that the surfactant replacement occurred faster for the F-3 sensor
compared to the Q-3 sensor, indicating that the F-3 sequence has a lower binding affinity to the
SWCNT surface. In addition, measurements of the free DNA concentrations (Figure S44) showed
that the F-3 sensor had more unbound DNA than the Q-3 sensor, further suggesting a weaker binding
of the DNA to the SWCNT surface. These results suggest that the F-3 wrapping is more prone to

conformational changes upon free DNA removal, as well as upon toxin interaction.

Conclusion

In this study, we demonstrated the applicability of directed evolution for the creation of DNA-
SWCNT sensors for mycotoxin detection. We showed that it is possible to significantly improve the
response of DNA-SWCNT sensors towards two distinct mycotoxins, without requiring any prior
knowledge on the interaction mechanisms of these toxins with DNA-SWCNTs. In addition, we
showcased how DNA shuffling can be used to drastically accelerate the evolution of these sensors.

We further demonstrated that directed evolution can be used to evolve not only the magnitude of
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response, but also the brightness and selectivity of our sensors. Moreover, we showed that it is
possible to independently evolve these sensors for two specific chiralities, (9,4) and (7,5),
advantageous for multimodal sensing applications. The applicability of these sensors for toxin
detection was also shown in food samples, specifically a dissolved corn flour matrix, without any
need for complicated sample preparation. We discovered two distinct sensing interactions that were
dependent on the mycotoxin type, highlighting the power of directed evolution in the discovery of
new nanotube sensors.

We believe this study can have an important impact on the engineering of DNA-SWCNT sensors. As
shown herein, the directed evolution methodology can be used to tune several aspects of DNA-
SWCNT sensors in order to optimize their performance for a range of applications. While applied
here for the sensing of mycotoxins, the same methodology could be applied to variety of targets
including small molecules®23, biomarkers®**? and viruses*. Moreover, we believe that the findings
of this study will have a more widespread impact on the identification of more rational design rules
for DNA-SWCNT sensors. Beyond SWCNT sensors, directed evolution presents a very powerful
tool for engineering other kinds of nanocomplexes exhibiting unknown structure-function
relationships. As such, this study helps catalyze the fusion of synthetic biology approaches with

nanomaterials, with the aim of unlocking the true potential of these hybrid materials.
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