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ABSTRACT: Significant advances have been made in fields such as
nanotechnology and biomedicine using the unique properties of single-
walled carbon nanotubes (SWCNTs). Specifically, SWCNTs are used as
near-infrared fluorescence sensors in the solution phase to detect a wide array
of biologically relevant analytes. However, solution-based sensing has several
limitations, including limited sensitivity and poor spatial resolution. We have
therefore devised a new spin-coated poly(ethylene glycol) diacrylate (PEG-
DA) hydrogel platform to examine individual DNA-functionalized SWCNTs
(DNA-SWCNTs) in their native aqueous state and have subsequently used
this platform to investigate the temporal modulations of each SWCNT in
response to a model analyte. A strong surfactant, sodium deoxycholate
(SDC), was chosen as the model analyte as it rapidly exchanges with DNA
oligonucleotides on the SWCNT surface, modulating several optical
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properties of the SWCNTs and demonstrating multiparameter analyte detection. Upon addition of SDC, we observed time-
dependent spectral modulations in the emission center wavelengths and peak intensities of the individual SWCNTs, indicative of a
DNA-to-surfactant exchange process. Interestingly, we found that the modulations in the peak intensities, as determined by kinetic
data, were significantly delayed when compared to their center wavelength counterparts, suggesting a potential decoupling of the
response of these two spectral features. We used a 1-D diffusion model to relate the local SDC concentration to the spectral response
of each SWCNT and created dose—response curves. The peak intensity shifts at a higher SDC concentration than the center
wavelength, indicating a potential change in the conformation of the surfactant molecules adsorbed to the SWCNT sidewall after the
initial exchange process. This platform allows for a unique single-molecule analysis technique that is significantly more sensitive and

modifiable than utilizing SWCNTs in the solution phase.
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B INTRODUCTION

Single-walled carbon nanotubes (SWCNTs) have been used
extensively in a variety of applications due to their unique
optical," physical,” and electrical properties.” SWCNTs exist in
a family of differing chiral species, denoted by (n,m), giving rise
to distinct exciton binding energies.”* Specifically under visible
or near-infrared (NIR) excitation, semiconducting SWCNTs
exhibit photostable’ and sensitive” band-gap fluorescence in
the NIR region of the spectrum.” Although SWCNTSs are
inherently hydrophobic in their native state, they can be
noncovalently functionalized with various amphiphilic mole-
cules to create a stable suspension in an aqueous solution.”
Therefore, the chemical nature of the resultant SWCNT
hybrids is highly tunable'” and can be made selective to a
target analyte by modifying their surface functionalization.''
These unique properties allow SWCNTs to be used in many
biological applications, namely, targeted imaging and sensing.

Single-stranded DNA-functionalized SWCNT hybrids
(DNA-SWCNTs) are especially useful in biosensing applica-
tions due to their enhanced stability in biological environ-
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ments'” and in vivo biocompatibility.'”’ Understanding the
stability of DNA—SWCNT hybrids is crucial to the develop-
ment of such biosensors and has been the focus of many recent
investigations within our and several other labs."*™"’ The
hybrid stability is directly related to the binding energy of the
DNA oligonucleotide on the SWCNT surface.”'” When
surfactant molecules interact with a DNA—SWCNT at a
high-enough concentration, they exchange with the DNA
oligonucleotides on the SWCNT surface via a higher affinity to
adsorb onto the SWCNT sidewall.’””' The rate of this
exchange can be directly correlated with the DNA binding
strength, where a faster exchange indicates a weaker affinity of
the DNA to the SWCNT sidewall and therefore lower
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stability."> The concentration required for this is notably lower
than the critical micelle concentration, likely due to the high
contribution to the hydrophobicity from the bare carbon
nanotube surface.'”> In solution, the surfactant exchange
generally causes a large blue shift in the emission wavelength
of the fluorescence spectra, as well as a large increase in
fluorescence intensity via a change in the local dielectric
environment.'> A DNA—SWCNT typically exposes bare areas
of the SWCNT surface’*® which are in contact with the
solvent and thus directly modulates the exciton binding
energy.””> When the surfactant replaces the DNA strands, a
micelle structure is formed around the SWCNT, preventing
the solvent from making contact with the surface.”* This new,
more stable conformation also likely limits conventional
mechanisms of the photoluminescence czluenching of DNA-
SWCNTSs, such as pH,25 ionic strength, ¢ and even oxygen
adsorption.”’

In the solution phase, SWCNTs have been used to
selectively detect analytes by reporting the variations in
fluorescence properties caused by conformational changes of
the functionalization near the SWCNT surface.” There are
however certain limitations in using SWCNT's as NIR sensors
in the solution phase. For instance, SWCNTs can often
aggregate in solution in response to an analyte via electrostatic
interactions, effectively modulating fundamental optical
properties such as emission wavelength and integrated
intensity, potentially confounding any readout of the
sensor.””””  Additionally, under microscopic analysis, the
determination of SWCNT properties in solution is limited,
given that individual SWCNT's cannot easily be resolved over a
long period of time due to Brownian motion. Therefore, new
strategies are required to enhance the applicability of these
types of nanosensors.

With all of their constituent atoms residing on the surface,
SWCNTs are highly sensitive to their environment and, thus,
single-molecule detection has been reported via optical
modulation.”® Due to their profound sensitivity, SWCNTs
have been studied for applications in single-molecule detection
recently through their use as field-effect transistors (FETs)>"**
or fluorescence sensors.”>** Single-molecule detection is the
absolute lowest limit of detection possible, which importantly
avoids averaging data as in ensemble measurements.”” It allows
for a fundamental understanding of analyte interactions and
the heterogeneous properties of the analyte and sensor, if
applicable.”® In particular, even single-chirality suspensions of
SWCNTs display a large degree of heterogeneity in their
physical features, including length,'* degrees of surface
functionalization,®” and the number of defects.>® We
previously demonstrated the inherent optical heterogeneity
present in individual SWCNTs.*” Therefore, in order to lower
the limit of detection in the development of next-generation
SWCNT-based biosensors, it is crucial to accurately under-
stand and account for these effects.

Hydrogels are networks of crosslinked polymers that swell in
the presence of water.” There are many ways to classify
hydrogels, for example, charge-based classification, where the
hydrogels are cationic, anionic, neutral, or ampholytic.* In
addition, many hydrogels can be either chemically (covalently)
or physically (noncovalently) crosslinked.”” It has been shown
that SWCNTs can be immobilized in a hydrogel in order to
retain their optical properties while simultaneously modeling
an aqueous solution.”**~* SWCNT—hydrogel systems have
been used in a variety of sensing applications, given their
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unique combination of solution-phase and substrate proper-
ties."**® However, standard methods of preparation make it
difficult to sensitively probe the diffusion properties of a target
analyte, which is important for characterizing analyte—
SWCNT interactions. There is thus a need for an easily
modifiable platform, for instance, a hydrogel system containing
a single layer of nanosensors at a defined distance from the
surface. Such a platform would allow for the observation and
measurement of modulations in optical properties on the same
SWCNTs over extended periods of time, thus enabling various
types of kinetics analyses. Additionally, NIR hyperspectral
imaging has the advantage of acquiring wavelength, intensity,
and full width at half-maximum (fwhm) values rather than
standard intensity images from NIR fluorescence microscopy.
Furthermore, observing individual SWCNTSs in this way has
the distinct advantage of being able to be used in both
characterization and sensing applications. A given SWCNT
response toward a target analyte can be correlated with the
concentration of that analyte or to the specific physical
properties or surface functionalization of the observed
SWCNT.

Here, using NIR hyperspectral fluorescence microscopy, we
demonstrate a modifiable hydrogel platform for analysis of the
diffusion kinetics of target analytes and their interactions with
individual SWCNTSs over time. First, DNA-SWCNTSs were
encapsulated in a spin-coated hydrogel platform at a defined
distance from the hydrogel surface. We next observed
modulations in emission wavelength and intensity on
individual SWCNTSs upon the addition of a model analyte,
sodium deoxycholate (SDC). SDC slowly diffuses into the
hydrogel, rapidly exchanging with the DNA on the SWCNT
surface once a critical surfactant concentration is reached,
allowing us to obtain pertinent information about DNA-—
SWCNT hybrids. We demonstrate that our platform can be
used for the characterization of properties such as DNA
binding strength and dynamic optical response, as well as for
sensitive analyte detection. Significant differences were
observed in the modulations of wavelength and intensity,
suggesting the various spectral features may be controlled by
different mechanisms. Lastly, we use a 1-D diffusion model to
correlate the diffusion of SDC in our platform to the changes
in the optical properties of SWCNTSs over time. We then
further investigate the differences in SWCNT spectral features
and propose mechanisms for the observed differences.

B RESULTS AND DISCUSSION

In order to image individual, immobilized SWCNTs, a spin-
coated hydrogel platform was fabricated, modified from a
previous procedure (Figure la).”” Poly(ethylene glycol)
diacrylate (PEG-DA) was chosen as it is a polymer that can
be rapidly cured with UV light into a stable hydrogel in the
presence of a photoinitiator. It is also used extensively in
biomedical applications due to its neutral nature and
biocompatibility.””*® To create the platform, a small amount
of a PEG-DA and photoinitiator, lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP), solution was deposited
onto a Petri dish containing a glass coverslip. The Petri dish
with the PEG-DA precursor solution was then placed onto a
spin-coater, where the lid was closed and a small 365 nm UV
lamp was positioned over a small opening on the lid. The
sample was slowly spun in increments of increasing speed with
simultaneous UV illumination in order to carefully leave a thin
layer of PEG-DA on the glass surface. This step was crucial as
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Figure 1. Demonstration of the spin-coated PEG-DA platform with DNA-SWCNTs. (a) Hlustration of the fabrication of the PEG-DA platform.
This consists of four main steps: (1) spin-coating of the bottom (orange) PEG-DA layer and crosslinking, (2) spin-coating of DNA-SWCNTs, (3)
addition of the preformed PEG-DA layer and crosslinking, and finally (4) addition of excess phosphate-buffered saline to fully swell the hydrogel
platform. (b) Photograph of the as-prepared PEG-DA platform. (c) Broadband NIR fluorescence images of DNA—SWCNTs in the hydrogel
platform in time after the addition of 2% SDC. A global contrast is applied to all of the grayscale images. The scale bar is 5 ym.

the viscosity of the solution must be slowly increased such that
it will not be removed via centripetal force. The sample was
then left to UV cure for 10 min. After the bottom layer of the
hydrogel was fully crosslinked, it was lightly washed with
phosphate-buffered saline (PBS) to remove any excess free
radicals that were generated by the photoinitiator. A separate
layer of the PEG-DA hydrogel was prepared in another glass-
bottom Petri dish by placing a coverslip over the hole filled
with the precursor solution and then UV-curing in a similar
manner. In parallel, a solution of DNA—SWCNTs (see
Materials and Methods) was spin-coated onto the bottom
hydrogel layer. CoMoCAT SG6Si SWCNTSs were chosen as
they are dominated by the (6,5)-SWCNT," meaning that the
final platform will essentially contain SWCNTSs of a single
chirality. The second layer was then carefully placed on top of
the PEG-DA layer with SWCNTs and then crosslinked to the
bottom layer again with UV curing, and the excess precursor
solution was placed around the seam of the two layers. The
final platform creates one-dimensional (1-D) analyte diffusion
from the top of the hydrogel to the layer of SWCNTs since the
top layer of hydrogel is significantly wider than it is thick.
Lastly, the hydrogel was washed three times with PBS, allowed
to equilibrate for 10 min between each wash, and then 2 mL of
PBS was added to the Petri dish to allow the hydrogel to swell
(Figure 1b). It has been demonstrated that free DNA can be
removed in both the solution phase®””" via filtering and in a
hydrogel by washing the sample with aqueous solutions.”>>
Therefore, a large majority of the free DNA is expected to be
removed from the platform after washing the hydrogel three
times and additionally with the final addition of PBS.

The resulting hydrogel system was then characterized by
finding the swelled thickness, swelling ratio, and mesh size.
The thickness of the hydrogel was measured to be 1.3 mm
after swelling for 4 h. This value was constant even after 24 h
of incubation with PBS. The mesh size was found using a
previously described method.”*>> The swelling ratio (gg)was
first determined as

m wet
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F my

1
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where m, is the mass of the hydrogel in its swelled state and
My, is the mass of the fully dried hydrogel. The following
equation can then be used to calculate the volume fraction of

the polymer (v,)
1
1+ (g, — Dp/p,

v, =

)
where ppand pyy are the density of PEG-DA (1.12 g/cm?) and
water (1 g/ cm®) respectively.

The crosslink density (1) was determined by

n=—[In(l —v) +v, + )(11/22]/[‘/1(1/21/3 — 0.51,) (3)

where y, is the Flory—Huggins interaction parameter (0.426)*°
and V is the molar volume of water, 18 cm>. The mesh or pore

size of the hydrogel (£) can then be approximated by

E-
n (4)

where [ is the carbon—carbon bond length of the PEG
monomer (1.5 A), M, is the molecular weight of the repeat
unit (44 g/mol), and C, is the characteristic ratio, which is 4
for PEG-DA.”” The swelling ratio was experimentally
determined to be 10.1 + 0.52; thus, the mesh size was
calculated to be 14 nm, which is close to PEG-DA hydrogels
with similar fabrication parameters in the literature.’® The
average size of the examined DNA-SWCNTs (~100 nm)"* is
much higher than the mesh size of 14 nm, so there is expected
to be minimal diffusion of SWCNTSs throughout the hydrogel
platform.

The utility of the platform was then demonstrated by spiking
in the model analyte SDC surfactant. The surfactant exchange
process can be visualized in Figure S1. Broadband NIR
fluorescence images (900—1600 nm) were obtained immedi-
ately after the addition of the surfactant and in subsequent 15
min intervals (Figure 1c). By 30 min, the fluorescence
intensities of the DNA-SWCNTs within the hydrogel
significantly increased as expected, while they remained in
the same spatial position. Given that the SWCNTs in the
hydrogel platform are trapped between two hydrogel layers,

1/2

S VA) 1/2
E=v, IX C,

o
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Figure 2. SDC-induced modulations in DNA—SWCNT optical properties. (a) Fitted center emission wavelength and (b) peak fluorescence
intensity maps of individual SWCNTs at various times after the addition of 2% SDC. Scale bar is 1 um. (c) Change in the fitted center wavelength
of individual SWCNTs in response to 2% SDC. (d) Change in the peak intensity of individual SWCNTs in response to 2% SDC. Each box contains
25—75% of the data, the middle line represents the median, the open square represents the mean, and the whiskers represent outliers. (e) Standard
deviation for both the wavelength and intensity plots. (f) Sigmoidal fits of kinetic data for average emission wavelength (red) and average fractional
peak intensity (blue). The time corresponding to the inflection part is indicated for each fit.

their movement is significantly inhibited. However, the
platform still allows for conformational changes of the DNA
strands on the SWCNT surface. When performing this
experiment on glass, a significant portion of the SWCNTs
was removed from the glass surface with the addition of SDC
(Figure S2). We attribute this to varying electrostatic
interactions between the DNA, surfactant, and the charged
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glass surface. Considering the rapidity of the surfactant
exchange mechanism, the initial SDC concentration for
analysis of the kinetic response was chosen such that a very
low local concentration would be implemented in the layer of
SWCNTs in the middle of the hydrogel platform. The
thickness of the top hydrogel layer (1.30 mm) was also
chosen such that the timescale would be convenient for

https://doi.org/10.1021/acsami.2c16596
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hyperspectral fluorescence imaging (i.e., preventing the
exchange occurring within a single hyperspectral cube; see
Materials and Methods).

We next employed the hydrogel platform with NIR
hyperspectral microscopy to investigate the spectral response
of individual DNA-SWCNTs during the process of surfactant
exchange. First, “hyperspectral cubes” of NIR fluorescence
emission from 950 to 1050 nm were acquired (Figure S3). A
custom MATLAB code was used to sequentially select regions
of interest (ROIs) in each cube, presumably selecting single
SWCNTSs, and then fit each ROI using a Lorentzian fit. It is
important to note that the pixel size of our detector is 150 nm
with a 100X objective, which is well below the optical
diffraction limit of SWCNTs at about 500 nm.” This means
that the spectral data are blurred across at least 3 pixels.
Spatially resolved maps of emission center wavelength and
peak intensity were created to visually demonstrate the
evolution of each SWCNT in time (Figure 2a,b and Movies
S1 and S2). Overall, the emission center wavelength of each
SWCNT seems to blue-shift over a period of 36 min (Figure
2a). However, there is also a slight red shift in the emission
wavelength of some individual SWCNTSs. Similarly, in Figure
2b although the intensity of each SWCNT primarily increases,
there is a small quenching effect seen at the 12 and 36 min
time points. There are two possible mechanisms for these
observed modulations in wavelength and intensity: either the
local heating effect from the laser causes conformational
changes of DNA oligonucleotides on the SWCNT surface,”” or
the heating from the laser allows oxygen to bind to the
nanotube surface which decreases the exciton binding
energy.’” Of the two mechanisms, the latter is more likely
given the linear change in wavelength/intensity over time. If
the laser caused conformational changes, it would likely reach
some more stable state, but the intensity continues to decrease
over time, indicating quenching caused by an increase in the
amount of oxygen adsorbed to the surface. Regardless of the
mechanism, the red shift and quenching observed are strictly
dependent on the laser exposure time and power. Although
high laser fluence has been linked to a reduction in quantum
yield (QL) previously,”” lower laser fluence makes it harder to
resolve the same individual SWCNTSs over time due to the
significant decrease in QL or overall intensity. Therefore, the
laser power was kept at its maximum in order to fully resolve
individual SWCNTs over a long period of time (at least 1 h of
continuous excitation).

The emission center wavelength and fractional peak
intensity of 100 individual SWCNTSs were extracted at each
time point, and then plotted as a function of time. To mitigate
any negative effects of laser exposure on the SWCNTs, a
baseline correction was found and applied to both center
wavelength and intensity measurements (Figures S4 and S5).
The average delta wavelength (final — initial emission
wavelength) was first compared to that of two controls to
confirm surfactant exchange. The average delta wavelength
after 40 min was 9.7 nm and the final wavelength was 988.1 nm
+ 3.5 nm. In solution (Figure S6), the values were 9.9 nm and
986.9 + 0.4 nm, and in a “bulk” hydrogel (Figure S7), the
values were 9.6 and 990.8, respectively (for 2% SDC). The
“bulk” hydrogel was prepared by mixing SWCNTs evenly in a
PEG-DA hydrogel and then fully crosslinking. Overall, the
delta wavelength value was very close to that of both the
solution-phase and the “bulk” hydrogel, so we concluded that
the SWCNTs are being fully exchanged even in the hydrogel.
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The resulting distribution in SWCNT center wavelengths in
the spin-coated hydrogel shows little to no response for the
first 20 min (Figure 2c), where it then starts to rapidly decline
from 20 to 24 min, which was determined to be the first
statistically significant change in center wavelength. The
intensity does not show a significant change until 28 min
(Figure 2d). Thus, the intensity response is delayed by ~4 min.
Figure 2e shows the normalized standard deviation of each
plot. Strikingly, the standard deviation of the peak intensity
plot increases at the same point as the center wavelength plot
(24 min), even though there is no significant increase in the
intensity. Sigmoidal fits were made for the average response of
both emission wavelength and peak intensity (Figure 2f), and
the delay in the intensity response was determined to be
exactly 4.32 min by examining the inflection point in the
response of each. The delay in the intensity response could
indicate that center wavelength and peak intensity are
predictors of different phenomena. Although the intensity
response is clearly delayed, as noted above, the standard
deviation increases at the same time as the standard deviation
of the wavelength response. Additionally, the standard
deviation of the intensity response continues to increase,
while the standard deviation of the wavelength response
sharply drops at 32 min. Overall, this combined increase in
standard deviation and delay in the intensity response suggest a
different mechanism of fluorescence intensity enhancement
than with shifts in emission center wavelength.

We also compared the effect of surfactant exchange on
DNA-SWCNTs in solution to examine if the delay in the
intensity response in our platform could be attributed to laser
exposure or is intrinsic to the PEG-DA hydrogel matrix. The
inflection point of the peak intensity response occurred about
48.6 s later than that of the wavelength response in the solution
phase (Figure S6). A similar effect has also been demonstrated
using a probe instrument with a shorter time resolution.” We
attribute this difference between the solution and the hydrogel
to the extremely fast timescale at which the surfactant exchange
occurs in solution, as well as the limited resolution in SDC
concentration and time when acquiring hyperspectral data. In
order to properly compare solution-phase data and the spin-
coated hydrogel platform given the vast difference in the
kinetic responses, we employed a “bulk” hydrogel as previously
mentioned (Figure S7). Similarly, the intensity demonstrated a
delay of at least 4 min, even when varying the SDC
concentration. The delay in the “bulk” hydrogel varied from
8.56 to 23.28 min. We note that the surfactant exchange
response is likely highly dependent on the ratio between the
concentration of SWCNTs and SDC in the hydrogel. The
reason for the significant difference from the spin-coated
hydrogel is due to the increase in SWCNT concentration.
There are not enough surfactant molecules to quickly exchange
with all of the SWCNTs in the entire hydrogel. Since the delay
is repeated in systems where laser exposure has a significantly
lower effect, we can rule out the effects of laser exposure and of
variations in the local environment due to the hydrogel as a
major contributor to this decoupling effect on emission
wavelength and peak intensity. Although they clearly play a
role in modulating the spectral properties of SWCNTs, the
delayed response of the intensity appears to be characteristic of
surfactant exchange.

We next used a 1-D diffusion model of SDC through the
PEG-DA hydrogel platform to predict the SWCNT response.
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Figure 3. One-dimensional SDC diffusion model in a PEG-DA hydrogel. (a) Schematic representing the boundary and initial conditions and the
variables considered. (b,c) Three-dimensional heat maps of position and time vs SDC concentration and log(SDC concentration). (d,e)
Concentration profiles of SDC over time and position at defined parameters. The thickness of the hydrogel was determined to be 1.3 mm.

The following boundary and initial conditions were chosen
(Figure 3a):
For the concentration at any relevant position and time,
C(p,t):
1. c(0,8) = 2%
2. C(p0) = 0
3. C(oot) =0

The concentration of SDC was assumed to be 2% at the top
surface of the hydrogel and remained constant over time since
the volume of the solution in the glass-bottom dish was
sufficiently large. The concentration was then assumed to be 0
at the bottom of the top layer of the hydrogel, where the
SWCNTs are located. Finally, the system was modeled as an
infinitely long solid, where the concentration at some large
distance away from the solution interface at any time is 0.
Although we note that the bottom hydrogel layer is relatively
thin, since the diffusion of SDC is only tracked over a period of
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40 min, we estimate that these boundary conditions are
reasonable for our system.
By using Fick’s second law of diffusion

9elp,t) _ I _ 0%
ot ap ap* ()

where D is the diffusivity of an analyte in a specific medium, p
is the position in the medium, ¢ is the time of diffusion, and ¢ is
the concentration of the analyte. We then apply the proposed
boundary conditions to formulate an equation for the
concentration of SDC at any position and time.
We obtain
)

cp,t) =2-2 er{zﬁ ©

The mesh size (14 nm) was then utilized to find the
diftusivity of SDC in the PEG-DA hydrogel using the following
equation60

0%
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significance is denoted by a p-value < 0.001.

2o
Do_ ¢ ® (7)

where D, is the diffusivity of the solute in the gel, D, is the
diffusivity of the solute in the aqueous solution, r, is the
hydrodynamic radius of the solute, £ is the mesh size of the gel,
and Y (approximated as unity) is a ratio of the critical volume
required for the translational movement of the solute to the
average free volume per molecule of the solvent.”” The
diffusion properties of SDC in solution depend highly on ionic
strength, temperature, and concentration due to the formation
of micelles, so exact values are difficult to obtain.®”®> The
diffusivity was extrapolated based on the hydrodynamic radius,
which was estimated to be about 2 nm. An average
hydrodynamic radius was assumed since it is expected that
the hydrodynamic radius will change as the local concentration
of SDC changes in the hydrogel due to modulations in micelle
size. The diffusivity of SDC in solution at room temperature
was then estimated to be 1.03 X 107° cm?/s from the
literature.””~°* The effective diffusivity of SDC in the gel was
determined to be 23% lower than that in solution using eq 7 or
8.02 X 1077 cm?/s which is close to the diffusivity of solute
particles with a similar hydrodynamic radius in a PEG-DA
hydrogel.”*

Two-dimensional heat maps of SDC concentration in the
hydrogel at position p and time ¢ were then created using
MATLAB (Figure 3b,c). The position for each ranged from p
= 0—0.13 cm, which is the distance from the top of the swelled
hydrogel to the layer of SWCNTSs. Each heat map therefore
shows the concentration of SDC in the hydrogel platform from
the surface to the layer of SWCNTSs over a S0 min period.
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Concentration profiles were extracted from these heat maps
(Figure 3d,e) to show the profile at a defined position or time.
This model allows for the prediction of the concentration of
SDC at any position and time, which can be used to estimate
the local concentration of SDC at the surface of a single
SWCNT.

Individual SWCNT dose—response curves were created in
order to further investigate the differences and heterogeneity in
center wavelength and peak intensity of SDC-induced DNA-
to-surfactant exchange. Utilizing the modeled data from Figure
3d, dose—response curves were created for each individual
SWCNT (n = 100) by converting the x-axis from time to
concentration. Each individual SWCNT was fit using a version
of the Hill equation

(A2 — A1)
1+ lolog(ICSO)—x*H

= Al +
’ ®)
where y is the response (1), Al is the minimum response value,
A2 is the maximum response value, IC50 is the concentration
that produces 50% of the maximal response, x is the
concentration, and H is the Hill slope. The Hill slope generally
corresponds to the degree of cooperative binding between the
substrate and analyte.”>°® In this context, it describes the
interactions between DNA, surfactant molecules, and the
SWCNT sidewall. Sample dose—response fits are shown in
Figure 4a,b. In this case, the IC50 value corresponds to the
concentration at which 50% of the corresponding optical
property shifts to its final value. The ICS0 and Hill slopes for
the wavelength and intensity fits for 100 ROIs were then
extracted and box and whisker plots were created (Figure
4c,d). The average ICSO value for the peak intensity of
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individual SWCNTs, 0.031 + 0.015%, was significantly larger
(p < 0.001) than the average ICSO value for the center
wavelength, 0.018 + 0.0064%. The Hill coefficient of each
SWCNT was also compared and revealed significance between
peak intensity (44.84 + 28.88) and center wavelength (81.74
+ 39.65), (p < 0.01). The ICS0 values for both the wavelength
and intensity dose—response curves are larger than that of the
solution-phase data, which indicates that the exchange with
SDC occurs at a much higher surfactant concentration in the
hydrogel (Figures S8 and S9). We note that the presence of
surfactant interactions with individual polymer chains in the
hydrogel and modulations in hydrodynamic size are potentially
major contributors.

Given the finding that the IC50 of the center wavelength
response for individual SWCNTs in the platform is
significantly lower than the ICS0 of peak intensity, this
demonstrates that the center wavelength response occurs at a
lower SDC concentration. Essentially, less surfactant molecules
are required to maximally shift the center wavelength of each
SWCNT than the peak intensity of each SWCNT. However,
additional surfactant molecules still cause the peak intensity to
increase. The low standard deviation between the IC50 values
of individual wavelength dose—response fits supports the idea
that given the SWCNT full exchanges, the process is largely
independent of variations in local concentration or physical
characteristics of each SWCNT. The peak intensity is then
highly dependent on both the number and specific
morphology of SDC molecules on the SWCNT surface,
given the strikingly large variation between individual
SWCNTs. Emission center wavelength is therefore a better
predictor of the overall conformational state of a SWCNT
during surfactant exchange (i.e, DNA—SWCNT vs half-
exchanged DNA—SWCNT vs SDC-SWCNT). The large
degree of variation in the Hill slope of the wavelength
response shows that the rate of the exchange is likely
concentration-dependent. The larger value of the Hill slope
for the wavelength fits relative to the intensity fits corresponds
to an increase in the cooperative binding between surfactant
molecules and the SWCNT surface during the initial surfactant
exchange. The distinct difference in the slope likely reveals an
intermediate conformation of surfactant molecules on the
SWCNT surface that rearrange more slowly than the initial
exchange from DNA to SDC indicated by the wavelength
response. We hypothesize that the center wavelength response
can then determine the degree of surface coverage, where the
intensity response is related but ultimately a predictor of
different phenomena which can be analyzed by looking at
specific parameters.

Although the exact binding mechanism and conformation of
SDC molecules on a SWCNT surface have not yet been
demonstrated, different theories have been proposed.®”®® A
likely explanation could be that the surfactant molecules have
some change in morphology from a hemimicelle structure with
less surface coverage to a thicker micelle with full surface
coverage. This was briefly examined by adding an extremely
high concentration of SDC to immediately observe the
surfactant exchange independent of some initial laser exposure
(Figure S10). Although the exchange process appears to have
been completed, the wavelength and intensity are clearly still
modulated by the laser; thus, there is some degree of the
SWCNT surface exposed to the environment. We examined
this effect of surface coverage on the quenching of SWCNTs
by exposing exchanged SDC-SWCNTs in the hydrogel
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platform (>30 min after the maximum shift) to the laser,
where no significant shifts were observed after an additional 20
min (Figure S11). This helps to support the fact that oxygen is
adsorbing to the SWCNT surface since the quenching is
significantly mitigated depending on the degree of SWCNT
surface coverage. Combined with the delay in intensity
response relative to the wavelength response, there is clear
evidence that there exists some intermediate conformational
state that upon an increase in surfactant concentration
reorganizes to create a more stable conformation. Although
we demonstrate a pathway to understanding individual
SWCNT optical properties, extensive modeling will need to
be performed in the future to fully describe these effects.

Two-dimensional scatter plots were constructed to inves-
tigate potential correlations between various fitted spectral
properties of individual SWCNTs undergoing surfactant
exchange within the hydrogel platform. For instance, “starting
center wavelength” versus “ICSO center wavelength” (Figure
S12). Surprisingly, no trends were found, which can be
attributed to the large heterogeneity of individual SWCNTs.
The standard method to produce dispersed SWCNTs, that is,
probe-tip sonication, yields shorter SWCNTSs as a function of
sonication randomly cutting the SWCNTs in addition to
creating defects along the SWCNT sidewall.'"* As a result,
there is a heterogeneous length distribution in each SWCNT
sample, as well as variations in the number of defects from
sample to sample.'* Due to the diffraction limit and average
size of DNA-SWCNTs, we are not able to fully resolve the
length. We believe length variations and the presence of defects
in a single-chirality solution are among the most significant
causes of spectral heterogeneity. We have previously shown
heterogeneity in the center wavelength and peak intensity even
along single SWCNTs absent of any change in the environ-
ment.”” Recently, long surfactant-coated nanotubes have been
created that are remarkably more homogeneous than standard
samples, where the intensity is largely dependent on the
length.14 Therefore, we believe that modification of standard
SWCNT production procedures may be necessary to carefully
control the length and presence of defects, that is, through
advanced solution-phase sorting approaches.”

B CONCLUSIONS

In this study, we investigated the interactions between SDC
and individual DNA-SWCNTs as the surfactant rapidly
exchanged with the DNA on the SWCNT surface. We
immobilized the SWCNTs in a neutral hydrogel platform to
investigate their properties in their native aqueous state. Nearly
all of the SWCNT's do not move over time in response to SDC
but still allow for conformational changes of the functionaliza-
tion on the SWCNT surface. In order to characterize the
response of emission center wavelength and peak fluorescence
intensity, wavelength maps and box plots were created with
data extracted at intervals of 4 min after the addition of SDC.
The center wavelength clearly blue-shifts over time as expected
from the solution, and the peak intensity significantly increased
but demonstrated a delayed response. We then related this to a
1-D diffusion model to estimate the local concentration of
surfactant at the SWCNT surface. We fit the center wavelength
and peak intensity response of each individual SWCNT to
dose—response curves and confirmed a delay in the intensity
response. The high standard deviation of the response was
attributed to modulations induced by high laser power. From
this, we found that the degree of surface coverage of SWCNT's
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clearly affects the heterogeneity of individual SWCNTs and
may indicate an intermediate conformation of SDC on the
SWCNT surface during the exchange. We hypothesize that the
wavelength is a better predictor of surfactant exchange and is
directly related to the amount of DNA that is exchanged,
whereas the intensity is related but demonstrates a delayed
response linked to some reorganization of surfactant
molecules. Our platform can thus be used to investigate the
kinetics of spectral changes, which can be related to different
characteristics such as DNA stability and functionalization
morphology. Overall, this research highlights the need for
stricter control over standard SWCNT suspensions. However,
by investigating individual SWCNTSs in their native state,
standard ensemble measurements can be improved and true
single-molecule measurements can be approached.

B MATERIALS AND METHODS

DNA-SWCNT Sample Preparation. Throughout this study,
SWCNTs produced using the SG65i CoMoCAT process (Sigma-
Aldrich) were used. 1 mg of raw nanotubes was added to 2 mg of
$s(GT),s DNA oligonucleotide (Integrated DNA Technologies) and
1 mL of 100 mM NaCl (Sigma-Aldrich). The suspension was then
placed in a 0 °C temperature-controlled microcentrifuge holder and
ultrasonicated with a 1/8 in. tapered microtip at 40% amplitude for 30
min (Sonics Vibracell VCX-130; Sonics and Materials). The
dispersion was then ultracentrifuged (Sorvall Discovery M120 SE)
for 30 min at 250,000g, and the top 80% of the supernatant was
extracted. The concentration of each dispersion was determined using
a UV/vis/NIR spectrophotometer (Jasco, Tokyo, Japan) and the
extinction coefficient Ayyy = 0.02554 L mg™" em™17°

Hydrogel Characterization. In order to obtain the thickness of
the hydrogel, the top layer was separately soaked in 2 mL of 1X PBS
for 4 h. The thickness was then measured with calipers, and a second
measurement was taken after soaking it for 20 more hours to confirm
that the hydrogel had fully swollen. The top layer of the hydrogel was
also weighed after 24 h of soaking and then left in an oven at 37 °C
for 48 h. Once the hydrogel was completely dried, it was weighed and
the swelling ratio was calculated as a ratio between the dry and wet
weights.

PEG Platform Procedure. 400 uL of 3-(trimethoxysilyl)propyl
methacrylate (Sigma-Aldrich) was added to 100 mL of acetic acid at a
pH of 3.5. To create the platform, 35 mm glass-bottom Petri dishes
(MatTek) with a glass diameter of 14 mm were first soaked in 200 uL
of the methacrylate solution overnight. 200 L of 40 wt % 8 kDa
poly(ethylene glycol) diacrylate (PEG-DA) (Thermo Scientific) and
140 uL of PBS were then mixed with 60 uL of a photoinitiator,
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) (CelLink),
at a concentration of 7 mg/mL. The resulting precursor solution was
then deposited onto a functionalized glass-bottom Petri dish. The
glass-bottom dish with the PEG-DA precursor solution was then
placed onto a spin-coater (Laurell Model WS-400BZ-6NPP/LITE),
where the lid was closed and a small 365 nm UV lamp was positioned
over a small opening on the lid. The samples were then spun at 0 rpm
for 20 s and then in increments of 200 rpm for 10 s until 1200 rpm
was reached, all the while the UV lamp was on. The sample was then
left to fully UV cure for 10 min. After the bottom layer of the hydrogel
was fully crosslinked, it was lightly washed with PBS. A separate layer
of the PEG-DA hydrogel was prepared in another 35 mm glass-
bottom dish with a 10 mm coverslip by placing a coverslip over the
small opening with 150 uL of the precursor solution and then UV
curing in a similar manner. Simultaneously, 100 yL of a 2 mg/L
DNA—-SWCNT solution was spin-coated onto the bottom hydrogel
layer at 1200 rpm. The second layer was then carefully placed on top
of the PEG-DA layer with SWCNTSs and then crosslinked to the
bottom layer under a UV lamp for 20 min. 50 L of an excess PEG-
DA/LAP solution was placed around the seam of the two layers and
then allowed to crosslink via UV exposure for 15 min. The hydrogel
was washed three times with PBS (10 min for each wash), and then 2
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mL of PBS was added to the MatTek to allow the hydrogel to swell.
The hydrogel was washed to remove any free DNA or excess radicals
present in the hydrogel. The “bulk” hydrogel was prepared by first
adding 20 uL of 25 mg/L DNA-SWCNTs to 50 uL of 40% PEG-DA,
10 uL of the photoinitiator (7 mg/mL), and 20 uL of PBS. 50 uL of
the precursor solution was placed into a 35 mm MatTek with a glass
diameter of 14 mm and the solution was subsequently crosslinked
under a UV lamp for 10 min. The sample was then submerged in
varying amounts of PBS depending on the volume of SDC that was
later added.

Near-Infrared Fluorescence Microscopy. Near-infrared spectra
were acquired from individual SWCNT's by using a NIR hyperspectral
fluorescence microscope, similar to a previously described system.*”
The hydrogel sample was mounted onto the stage of an Olympus 1X-
73 inverted microscope, where a 730 nm diode laser (1.5 W) was
reflected onto the sample using a UApo N 100X/1.49 oil immersion
objective (Olympus, U.S.A). Stacks of spectral images were acquired
by passing the emission through a volume Bragg Grating and
subsequently collecting it with a 2d InGaAs array detector (photon,
etc.). Stacks of spectral images, “hyperspectral cubes” were acquired
for each sample using standard conditions (wavelength range: 950—
1050 nm, stepping size: 4 nm, exposure time: 1.2 s). A cube was
automatically acquired every 4 min by using a custom PhySpec
sequence. 400 uL of a solution of 12% SDC (Sigma-Aldrich) was
added 45 min after the sample was exposed to the 730 nm laser at an
exposure time of 1 s, and the first cube was immediately taken. For the
measurement of spectral modulations independent of initial laser
exposure, data was acquired 30 min after the removal of PBS and
subsequent addition of 6% SDC. Solution spectra were acquired by
adding a solution of DNA-SWCNTs to a 96-well plate at a
concentration of 2 mg/L in each of the 30 wells with a working
volume of 200 uL. Six different SDC concentrations were tested. The
96-well plate was mounted on the hyperspectral microscope, and a
20X objective was used. A custom PhySpec sequence was created to
automatically scan and acquire hyperspectral cubes (wavelength
range: 950—1050 nm, stepping size: 2 nm, exposure time: 0.6 s) from
each well.

Spectral Analysis. Spectra were fitted to either a Lorentzian
(single SWCNT) or Gaussian (solution/“bulk” spectra) curve using
OriginPro 2019 and custom MATLAB codes to obtain the center
wavelength and peak intensity. Once the fitted spectral properties
were obtained, spectral maps were created in MATLAB. In order to
subtract the effect of laser exposure from the spectra of each SWCNT,
a linear fit (OriginPro) for both wavelength and intensity was created
for each individual SWCNT for the first 16 min before the exchange
occurred. This was then extrapolated to 40 min and subtracted from
the spectra of the same individual SWCNT.

Statistical Analysis. All statistical analysis was completed in
OriginPro 2019. Significance was determined using a two-sample -
test under the null hypothesis. Figures for the 1-D diffusion model
were all plotted in MATLAB, and image analysis was performed using
Image ] software.
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