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Abstract

Single-walled carbon nanotubes (SWNT) are attractive targets for the formation of high-density
sensor arrays. Their small size and high reactivity could allow for the spatial and temporal study of
extracellular products to a degree which greatly surpasses contemporary sensors. However, current
methods of SWNT immobilization produce a low fluorescence yield that requires a combination
of high magnification, exposure time, and laser intensity to combat, thus limiting the sensor’s
applications. In this work, a platform for the immobilization of SWNT sensors with increased
fluorescence yield, longevity, fluorescence distribution, and fast reaction times is developed.
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INTRODUCTION

The detection and study of extracellular products has been under intensive study for the past
several decades because of the fundamental role signaling molecules play in coordinated
biological processes.1~* There are currently multiple methods for the temporal study of
extracellular products but very few allow both temporal and spatial detection.>~10 Recently,
a new group of sensors based on DNA wrapped fluorescence single-walled carbon
nanotubes (SWNTSs) have shown the potential to provide high-quality spatial and temporal
information regarding a wide range of cellular signaling molecules, proteins, and analytes
including nitric oxide (NO), hydrogen peroxide (H,O5), glucose, dopamine, norepinephrine,
serotonin, lipids, oligonucleotides, and the RAP-1/HIV-1 integrase proteins.11-20 In addition
to their ability to sense key signaling molecules, SWNT offer several advantages over other
sensors, including a fluorescence signal in the near-infrared (nIR) tissue transparency
window, no blinking or photobleaching, and, as a result of its small size, the potential to
create high density sensor arrays.21-29 Depositing SWNT on cell culture substrates is a
critical step in the formation of sensor arrays; however, current methods for the deposition of
DNA-SWNT complexes are limited almost entirely to nonspecific or electrostatic
interactions which are not well characterized.11:14-17.30.31 The most common method of
SWNT deposition relies on the use of an aminopropyl silane that is bound to a glass
substrate.1114.15.31 The partially negative DNA strand that wraps the SWNT sensor (i.e., the
DNA backbone) is allowed to interact with the partially positive aminopropyl derivatized
surface, generating a SWNT-functionalized surface through electrostatic interactions.
Unfortunately, (3-aminopropyl)triethoxysilane (APTES)-based deposition has traditionally
produced a low concentration of SWNT on the surface, and a correspondingly low
fluorescence yield, requiring data to be collected through high laser power and/or high
exposure times or to be collected for individual sensors independently, not an entire field of
view.11.14.1531 Collecting data for individual, unevenly dispersed SWNT can limit the
ability of researchers to examine large-scale signaling events, high laser intensity can have a
negative impact on the sample because of excessive heating, and high exposure times limit
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the ability to collect temporal information. A new method of sensor immobilization, which
can increase the amount of SWNT present at the surface and thus increase the total
fluorescence output, is required.

This paper outlines a new method for the immobilization of SWNT sensors based upon the
avidin-biotin interaction (Figure 1). An epoxy silane linker is used to covalently bind avidin
to a glass substrate, and a biotin is added to oligo tails on the DNA that wraps the SWNT.
The interaction between the surface and the SWNT results in an anchoring system that
utilizes a combination of electrostatic and bio-affinity interactions. The results demonstrate
successful addition of biotin to SWNT sensors without altering function, the covalent
linkage of avidin to a glass substrate, and an increase in total fluorescence output without
altering SWNT distribution, response time, or longevity. A NO-sensing SWNT sensor was
used as a proof of concept for this platform because of its relative simplicity compared to
some of the more complex DNA-SWNT sensors1®20 and its widespread application
possibilities, including analysis of vasodilation, immune function, neurological signaling,
and cancer development, which are all dependent upon NO spatial concentrations.32-41
Other NO-sensing mechanisms, including the Griess assay and electrochemical probes, do
not allow for the spatial and temporal sensing capabilities of the SWNT sensors, which
means that this new platform will be able to provide information about extracellular NO
concentrations that were previously undetectable.

RESULTS AND DISCUSSION
Characterization of Biotinylated SWNT.

Figure 1 shows a schematic of the fabrication process used to create SWNT-immobilized
surfaces via chemical and/or electrostatic interactions. The chemical interactions require
biotinylation of the SWNT, which was accomplished by using a 1:1 volumetric ratio of 5’-
biotinylated (AT)15 and (AT)45 to wrap SWNT (referred to as biotinylated SWNT
throughout the paper). To determine the importance of the biotin on the development of the
platform, a control sample of 100% (AT),5-wrapped SWNT is used (referred to as non-
biotinylated SWNT throughout the paper).The first step in the process was to determine the
ability of the biotinylated (AT)q5 to wrap the SWNT without altering the sensor’s
performance. Measurements were conducted to ensure that the sensors maintained their
characteristic peak and intensity. A visual inspection of Figure 2a shows that the addition of
the biotin did not greatly alter the sensor’s spectrum but the quantification of the system was
also performed to ensure the statistical significance of the comparison.

The SWNT sensor used in this paper is a fluorescence quenching sensor, displaying a
decrease in peak intensity (990 nm) in the presence of NO (the mechanism of action for the
fluorescence quenching was previously published in an article by Zhang et al.).}! Therefore,
the 990 nm value for these SWNT, when not in the presence of NO, needs to remain high so
that a decrease in intensity can be easily visualized. To check the impact of the biotin on the
sensors, we isolated the 990 nm peak from each spectrum and aggregated them. Biotinylated
and non-biotinylated samples produced average 990 nm intensity values of 529.6 and 583.2
a.u., respectively (Figure 2b,c). An unpaired #test determined that the differences in peak

ACS Appl Nano Mater. Author manuscript; available in PMC 2022 January 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Stapleton et al.

Page 4

values is insignificant (p= 0.1759), and therefore, the biotinylation does not impact peak
fluorescence intensity.

Next, the full width half maximum (fwhm) values of the spectra were investigated because
fwhm describes the shape of the spectrum and can be used as a measurement of spectrum
similarity. The fluorescence spectra were normalized with respect to their value at 990 nm,
aggregated, and plotted (Figure 2d, table of values in Supporting Information Table S3). An
unpaired #test was conducted and demonstrated an insignificant difference between the
fwhm of both spectra (o= 0.0680), indicating that biotinylation had no significant impact on
the fwhm of the SWNT emission peak.

Finally, the responsiveness of the SWNT was tested for its sensing capabilities. The
quenching capacity of biotinylated and non-biotinylated SWNT was determined through the
collection of fluorescence intensity data during the addition of NO (Figure 2e). The visual
inspection of quenching rates demonstrated remarkably similar profiles. The quantification
of the data shows that the time to reach 99% quenching was 18.8 and 16.8 s for biotinylated
and non-biotinylated SWNT, respectively. Statistical analysis with an unpaired #test show
that there is no significant difference between the quenching rates and capacity of the
biotinylated and non-biotinylated SWNT.

The results presented in Figure 2 demonstrate that the biotinylated and non-biotinylated
SWNT are extremely similar (not statistically different). Therefore, the addition of the
biotin, which is utilized in the next experiments, does not alter the sensor.

Building the Platform.

Once the capabilities of the biotinylated SWNT were determined, the platform needed to be
built. Each step of the platform development process was tested to ensure that the reactions
occurred as expected. For ease of understanding, the data for each type of test are displayed
together for every step of the platform building process.

Contact angle measurements were taken stepwise during surface development (Figure 3a—c).
Piranha treated, 3-glycidoxypropyltrimethoxysilane (3-GPTMS) functionalized, and avidin
functionalized slides provided contact angle measurements of <5, 58.5, and 29.6°,
respectively. Piranha treatment, which is responsible for the formation of hydroxyl groups,
showed an extremely low contact angle, the 3-GPTMS functionalization led to an increase in
contact angle, and the addition of the avidin lowered the contact angle because of its
hydrophilicity, all three results are consistent with literature values, indicating that the
expected functionalization occurred at each step of the fabrication process.43:47-49

In order to further confirm functionalization, X-ray photoelectron spectroscopy (XPS) was
employed to observe key atomic spectra, specifically the C 1s, N 1s, O 1s and Si 2p
chemical peaks (Figure 3d—g). Piranha treated slides showed a small C 1s peak, indicative of
background carbon levels, no nitrogen peak, and strong Si 2p and O 1s peaks, which result
from the underlying SiO» substrate. Following 3-GPTMS functionalization, an increase in
carbon content is observed, which may be attributed to the carbon in the arm of the silane,
no nitrogen peak is observed, and the Si 2p/O 1s peaks show a decrease from piranha
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treatment results, which can be attributed to shielding effects from the silane (XPS is a
highly depth dependent technique). Finally, when avidin is derivatized on the surface, the
carbon peak increases greatly because, like most proteins, avidin is carbon dense; a nitrogen
peak appears, which can be contributed to the amino acids and primary amines found in
avidin; and the Si 2p/O 1s peaks show even greater shielding effects. Atomic percentage
values were calculated using Avantage software and are in accordance with atomic spectra
(Table S1).

APTES surfaces were generated similar to the way that 3-GPTMS surfaces were built.
Contact angle measurements obtained from APTES demonstrated its successful deposition
on the glass surface (Figure S3a,b). The C1s spectra from APTES indicates an increase in
carbon following APTES deposition, which is attributable to the carbon found in the silane
arm. The N 1s peak shows no nitrogen until after the APTES functionalization step, which is
associated with the aminopropyl head of APTES. The O 1s and Si 2p peaks both show the
shielding effects of APTES derivatization (Figure S3c). Atomic percentages were also
calculated and are in good accordance with XPS spectra (Table S2).

Quantification of SWNT on the Platform.

The importance of the avidin in the binding of the biotinylated SWNT was tested to ensure
that any observed reactions were occurring because of the avidin—biotin interaction and not
as a result of nonspecific binding. These experiments were performed by measuring the
concentration of biotinylated and non-biotinylated SWNT that were attached to the surface
after each step of the platform building process, specifically the untreated, piranha treated,
and 3-GPTMS-, avidin-, or APTES-functionalized platforms (Figure 4a,b).

The intermediate substrates of untreated, piranha treated, and 3-GPTMS-functionalized
slides showed little fluorescence, often attaining values just above the background,
indicating that they do not significantly contribute to the retention of SWNT on the surface.

Avidin- and APTES-derivatized surfaces showed a significant increase in fluorescence
compared to intermediate steps for both biotinylated SWNT and non-biotinylated SWNT (o
<0.0005). No significant difference in the fluorescence intensity could be determined
between biotinylated SWNT + APTES and non-biotinylated SWNT + APTES, indicating
that biotinylation does not significantly alter the electrostatic properties of the SWNT.

Interestingly, the avidin + non-biotinylated SWNT conditions produced a fluorescence
signal similar to that of the APTES conditions and did not significantly differ from either of
the APTES conditions (p> 0.8). This may be because avidin is a cationic protein, causing
SWNT to become electrostatically bound to the surface in a way similar to what occurs with
the APTES conditions.

In addition to outperforming intermediate layers, avidin + biotinylated SWNT showed a
significant increase in fluorescence intensity compared to all of the electrostatic/nonspecific
tests (p < 0.0001), more than doubling both the APTES conditions and the avidin + non-
biotinylated SWNT conditions. Although, some of the avidin + biotinylated SWNT
condition’s fluorescence may be attributed to the electrostatic interaction between avidin and
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the SWNT, a significant portion can be attributed to the avidin—biotin bond. Taken together,
these findings indicate that (1) the intermediate substrates (untreated, piranha treated, and 3-
GPTMS derivatized glass) do not contribute significantly to SWNT fluorescence, (2) the
addition of biotin has no significant effect on the electrostatic properties of the SWNT, (3)
there is some nonspecific binding between avidin-derivatized substrates and SWNT, which
is likely due to avidin’s cationic nature, and (4) the avidin + biotinylated SWNT
combination produces a twofold increase in fluorescence intensity under these conditions.

Because the APTES + non-biotinylated SWNT, APTES + biotinylated SWNT, Avidin +
non-biotinylated SWNT, and avidin + biotinylated SWNT all showed significant SWNT
attachment, they were further studied to investigate the role of the avidin—biotin interaction
in platform loading and reaction rates.

Concentration and Distribution of SWNT.

As mentioned in the introduction, two aspects of the SWNT sensor platform that need to be
improved are the concentration and distribution of the SWNT sensors. In an attempt to
optimize the SWNT concentration to the fluorescence intensity of the platform, 10, 20, 30,
40, and 50 mg/L SWNT concentrations were tested. The data show that at 30, 40, and 50
mg/L SWNT the avidin + biotinytaled SWNT combination produced significantly more
fluorescence than any of the other SWNT/surface combinations (0 < 0.02, p< 0.01, p<
0.005) (Figure 4c). Moreover, the remaining three conditions showed a stagnation of
intensity across the concentration, indicating that they may be saturated at concentrations as
low as 10 mg/L. These results indicate that the avidin—biotin system provides a researcher
with more flexibility in tailoring fluorescence output to the desired experimental conditions
as well as a significantly brighter initial fluorescence level.

The effects of the avidin-biotin bond on the SWNT distribution was analyzed using the
arithmetical mean deviation (/,) model, a standard method to determine signal distribution.
R, was calculated by subtracting each pixel’s intensity (J4) in an image from the average
intensity of the whole image (¥) and finding the absolute value. The resulting deviations
from the average intensity were summed and divided by the total number of pixels. Results
showed no significant difference in distribution for any of the four treatment methods tested
at all five of the SWNT concentrations (Figure 4d-h).

Platform’s Sensing Capabilities.

Another important aspect in the development of a sensor platform is the retention of
SWNT’s sensing capabilities when deposited on a surface. Therefore, the response of each
platform to NO was tested (Figure 5a). Fluorescence intensity was monitored for each
sample before and after the addition of 30 /M NO. Similar to what is observed when the
sensors are in solution, the adhered sensors reacted to NO exposure through a rapid signal
quenching. Interestingly, some of the samples quickly moved into the fluorescence recovery
stage within 10 s of the initial NO exposure, while others took longer to reach fluorescence
recovery. This variation in sample performance may be because of a number of factors,
including changes in the dynamics of SWNT-NO interactions when the SWNT is physically
restrained, as shown in Hofferber et al., and/or variations in the quantity of SWNT present at
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the surface of the platform because more NO can bind to samples that have more SWNT
available, altering the on—off rate of the NO molecules.>0 The time it takes for SWNT sensor
recovery has been shown to be dependent on the interactions of the sensor with the
surrounding materials, taking up to 45 h to completely recover.>1 Additionally, there does
not appear to be a correlation between the type of surface used or biotinylation of SWNT
and the degree of quenching or the presence of recovery. The quenching profiles show that
samples were similar until achieving approximately 80% quenching, at which point the
deviation was observed. Therefore, the time required to achieve a quenching value of 75%
was used to further compare samples. On average, avidin + biotinylated SWNT, avidin +
non-biotinylated SWNT, APTES + biotinylated SWNT, and APTES + non-biotinylated
SWNT required 4.06, 4.46, 3.72, and 3.84 s to go from the point of NO addition to 75%
fluorescence quenching. When the time to 75% quenching data is analyzed via a one-way
ANOVA analysis with a Tukey’s multiple comparison test no significant differences are
found, indicating that the sensor response was not altered by the various methods of surface
attachment.

The purpose of the sensing platform is to allow for the detection of changes in extracellular
analyte concentrations. In order for the platform to detect extracellular concentrations, it is
essential that the sensors remain attached to the surface throughout the rinsing and media
changing events associated with cell growth. Therefore, the attachment of the SWNT over
multiple days and with multiple solution changes was analyzed for the current standard for
SWNT deposition, APTES + nonbiotinylated SWNT, and the new avidin + biotinylated
SWNT platform.

In order to simulate cell culture conditions, slides were prepared using 30 mg/L of SWNT
and placed in individual slide holders with 4 mL of PBS, so that the surface was completely
covered. Every day, the supernatant was completely removed and replaced with fresh PBS.
We tracked the loss of SWNT from the surface of the platforms over the course of 10 days
(including day 0) (Figure 5b). Fluorescence readings were collected as previously described
and the average fluorescence calculated. Both the avidin + biotinylated SWNT and APTES
+ non-biotinylated SWNT samples demonstrated stability over the course of the study,
maintaining 91.4 and 76.8% of their initial fluorescence, respectively. However, the avidin +
biotinylated SWNT samples were found to maintain significantly more SWNT (0 < 0.02)
over the course of the study, more than three times the fluorescence of the APTES + non-
biotinylated SWNT, indicating that the avidin + biotinylated SWNT deposition strategy can
be used to significantly increase SWNT retention over long periods of time. This higher
initial fluorescence intensity of the SWNT platform is essential for cellular studies because
the sensor reacts to different NO concentrations with different degrees of fluorescence
quenching. For cellular studies, in which low concentrations of NO are released by the cells,
there will be a small change in SWNT fluorescence, which will be difficult to differentiate
from the signal noise.

Cell Growth on Platforms.

The purpose of the sensing platform is to allow for the detection of extracellular NO
concentrations. To prove the capabilities of the avidin + biotinylated SWNT platforms to
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function in vitro, the 10 day sensor fluorescence study was repeated with the platforms
bathed in L-15 media and incubated at 37 °C. The platforms performed similar to the results
observed in the PBS solution, with the fluorescence intensity maintained over the 10 day
period (Figure 6a).

A preliminary study to prove the ability of cells to grow on the platform was performed over
a 72 h period. The MDA MB 231 cells show attachment and proliferation when seeded on
the avidin + biotinylated SWNT platform, as shown on Figure 6b.

CONCLUSIONS

This work highlights the first use of a covalently tethered avidin molecule for the deposition
of biotinylated-SWNT on a glass surface. The biotinylation of SWNT by wrapping with
biotinylated DNA was demonstrated and shown to act the same as non-biotinylated DNA-
wrapped SWNT. A scheme for the derivatization of surfaces with a covalently linked avidin
molecule was developed and characterized with a combination of contact angle and XPS
spectra. Compared with a traditional method of SWNT deposition (APTES), the use of an
avidin-biotin bond produced significant increases in SWNT retention at 30, 40, and 50 mg/L
SWNT without altering the spatial distribution of the fluorescence on the platform. The
improved platform maintained SWNT responsiveness to an analyte, and the platform
demonstrated longevity under cell culture-like conditions.

The improved loading capacity demonstrated here can improve in vitro studies by
decreasing laser intensity and exposure time needed to analyze samples, resulting in fewer
laser induced side effects on the sample and decreased data acquisition time. The method
can also be used with other DNA-SWNT sensors, leading to enhanced in vitro detection for
a wide range of analytes.

MATERIALS AND METHODS

Fabrication of SWNT-Derivatized Substrates.

Figure 1 shows a schematic of the fabrication process used to create SWNT-immobilized
surfaces. Slides were derivatized with SWNT via a 4-step process: slides were (1) immersed
in piranha solution to generate hydroxyl groups, (2) transferred to a 3-GPTMS solution
followed by oven curing to generate a 3-GPTMS network on the surface, (3) exposed to
avidin, allowing the primary amines to covalently bind with the epoxide rings of 3-GPTMS,
and (4) exposed to (a) nonbiotinylated SWNT, where the negatively charged DNA backbone
interacts with the positively charged avidin protein or (b) biotinylated SWNT, where avidin—
biotin binding may take place in conjunction with any electrostatic interactions. Figure 1
also shows the fabrication process for the production of SWNT-immobilized surfaces,
utilizing a substrate. Slides were derivatized via a 3-step process: slides were (1) immersed
in piranha solution to generate hydroxyl groups, (2) transferred to an APTES solution
followed by oven curing to generate an APTES network on the surface, and (3) exposed to
SWNT, where the partially negatively charged DNA backbone interacts electrostatically
with the aminopropyl head of APTES.
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Dispersion of SWNT with DNA Oligos.

SWNT were dispersed with DNA oligos similar to the methods previously described.11:42
Briefly, COMoCAT 6,5 SWNT (Sigma) were wrapped with either a{AT)15 single stranded
DNA (termed (AT)15 throughout the rest of the paper) alone or a 1:1 volumetric ratio of 5”-
biotinylated (AT)15 and (AT)15 (Integrated DNA Technologies). Wrapping procedures were
identical regardless of the presence or absence of biotinylated (AT)15. SWNT and DNA were
combined in a 2:1 mass ratio in nanopure water. The SWNT, DNA, and water mixture was
then bath sonicated for 10 min, followed by ultrasonic tip sonication (QSonica Q125
Sonicator) in an ice water bath with a 3 mm probe tip in two 20 min intervals at
approximately 4 W. The SWNT suspension was then centrifuged for two 90 min sessions at
16100 RCF (Beckman Coulter Microfuge 16). The top 80% of the SWNT supernatant was
collected after each centrifugation and the pellet was discarded to remove unwrapped SWNT
bundles. SWNT concentration was obtained via UV-vis spectroscopy (Beckman Coulter,
DU 730) and diluted to appropriate concentrations.}1 SWNT was stored at 4 °C for up to 1
month.

The 1:1 volumetric ratio of 5 -biotinylated (AT)15- and (AT)qs.wrapped SWNT will be
referred to as biotinylated SWNT throughout the paper. The (AT)q5-wrapped SWNT will be
referred to as non-biotinylated SWNT throughout the paper.

Generation of Avidin—Biotin—-SWNT-Derivatized Surfaces.

Avidin derivatized slides were generated with a protocol adapted from one previously
described by Schena and Yang et al.*344 Briefly, water-white glass microscope slides
(Corning) were treated with a 70% sulfuric acid/30% hydrogen peroxide (piranha) solution
(Fisher) for 16 h. Slides where then washed with excess amounts of nanopure water, rinsed 3
times in ethanol, and dried by centrifugation at 1600g for 1 min before being transferred to a
solution consisting of 95% ethanol, 16 mM acetic acid (Honeywell), and 1% (3-
glycidopropyl)-trimethoxysilane (Sigma) for 24 h. Slides were then rinsed with ethanol 3
times and cured in a 150 °C oven for 3 h. The slides were allowed to return to room
temperature, rinsed with ethanol 3 times, and allowed to dry under ambient conditions.
Avidin (60 gL of 1 mg/mL)(Sigma) in 10 mM NaHCO3 was then added to the surface of the
slide, covered with a plastic coverslip (22 mm x 22 mm), and allowed to incubate overnight
in a 37 °C incubator (HERAcell 150i). Coverslips were removed and slides rinsed with
excess nanopure water. Slides were then blown dry under an argon stream. Aspartic acid (60
uL, 2 mM)in 0.5 M NaHCO3 buffer was added to the surface and covered with a coverslip
for 30 min to quench any remaining epoxide groups. Coverslips were removed and slides
washed with excess nanopure water and blown dry with an argon stream. biotinylated or
non-biotinylated SWNT (60 £1) was then added to the surface at the desired concentration
and allowed to incubate for 24 h in a 37 °C incubator. Coverslips were removed and slides
were washed with excess amounts of nanopure water. Slides were stored in custom made
individual holders and used after a 2 h equilibrium period.

Generating ATPES-Derivatized Surfaces.

APTES slides were generated similarly to avidin-derivatized slides. Briefly, microscope
slides were treated with piranha for 16 h. Slides where washed with excess amounts of
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nanopure water, rinsed 3 times in ethanol, and dried under centrifugation before being
transferred to a solution consisting of 95% ethanol, 16 mM acetic acid, and 1% APTES for
24 h. Slides were then rinsed with ethanol and cured at 150 °C for 3 h. Following cooling,
slides were rinsed once more with ethanol and allowed to dry. SWNT (60 /L) at the desired
concentration was then added and covered by a coverslip. Slides were allowed to incubate
with SWNT for 24 h in a 37 °C incubator. Following incubation, slides were washed with
excess amounts of nanopure water, stored in individual holders, and used after a 2 h
equilibrium period.

XPS Measurements.

XPS measurements were taken using the K-alpha+ XPS/UPS system (Thermo) with an Al
Ka micro-focused monochromator X-ray source. Backgrounds were removed, atomic
percent calculated, and peaks identified using Avantage software.

Contact Angle Measurements.

Static contact angle images were captured using an Attension Theta optical tensiometer
(Biolin Scientific) and analyzed using OneAttension Software. A 1 4L drop of double
distilled water was used in all cases. Droplets were analyzed for 5 s and the contact angle
achieved at 3 s was used, allowing for settling effects.

Generating NO Solution.

NO solution was generated using a method similar to the one previously described.11
Briefly, 10 mL of 1x PBS (HyClone) was added to a 10 mL round bottom flask and sealed
with a sleeve stopper. Two needles were inserted through the sleeve stopper to provide an
inlet and outlet for gas flow. Argon gas (Matheson Tri-Gas, Inc., 99.999%) was introduced
to the PBS to remove any dissolved oxygen for 20 min. The NO gas (Matheson Tri-Gas,
Inc., 99%) was then introduced to the buffer for an additional 20 min. Needles were then
removed and the NO solution kept sealed. NO dilutions were achieved by mixing the NO
stock with pre-purged PBS buffer (argon 20 min) in a sealed air-purged 5 mL round bottom
flask (argon 20 min). The NO solution was always added to samples using a gas tight
syringe directly over the area of interest.

Horseradish Peroxidase Assay.

NO concentration was quantified using a horseradish peroxidase (HRP) assay as previously
described.*> Briefly, NO was added to HRP (Thermo) for a final concentration of 1.36 1M
HRP. The absorbance was collected from 300 to 650 nm using a UV-vis spectrometer
(Beckman Coulter DU 730) with a step size of 1 nm and the underlying HRP spectra
removed. The second order derivative was determined using an in-house written MATLAB
program. Derivative spectra were smoothed using a Savitsky—Golay algorithm (order = 3,
frame length = 21). The NO concentration was then calculated using the difference between
the peak at 210 nm and the valley at 240 nm.
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Fluorescence Measurements and Microscopy.

Measurements of the SWNT fluorescence intensity and spectrum were determined with a
custom built nIR microscope (Photon Etc.). The setup is similar to the one previously
published?® but is an upright instead of inverted Nikon. Briefly, SWNT samples were
excited by a 561 nm laser, the resulting emission was then passed through a volume Bragg
grating twice to reduce bandwidth and limit wavelength. The sample intensity was recorded
across wavelengths to generate a hyperspectral cube. The cube was rectified to generate
images at the desired wavelengths. Pixel-by-pixel intensity information was captured using
an InGaAs camera (Xenics, Xeva-1.7-320 TE3).

When only 990 nm fluorescence intensity was desired, a 990 nm band pass filter (Thor
Labs) was used rather than the volumetric Bragg grating system.

Spectral properties of SWNT in the solution were determined using 200 z1 of samples at 30
mg/L. Hyperspectral cubes were collected from 900 to 1080 nm using a step size of 1 nm
and an exposure time of 200 ms.

Quenching of SWNT in solution was determined using 200 L of samples at 30 mg/L. The
990 nm band pass filter was used to examine the response of the sensors to NO addition. The
NO solution was added to SWNT samples at a final concentration of 30 xM and quenching
was recorded with an exposure time of 200 ms. Quenching curves were collected, smoothed
using the MATLAB’s Gaussian filter (frame length = 20), and aggregated.

When performing fluorescence intensity measurements on immobilized SWNT samples, the
990 nm band pass filter was used. Fluorescence readings were collected at 5 locations across
the surface of the treated area (Figure S1), and three slides were sampled per condition in
order to determine an average fluorescence per condition (7= 3, s=5).

The relationship between the SWNT concentration and loading performance was
investigated by applying SWNT concentrations of 10, 20, 30, 40, and 50 mg/L to their
respective surfaces. Fluorescence intensity values were collected as previously stated and the
average fluorescence values calculated.

The fluorescence response of immobilized sensors to 30 £M NO addition (final
concentration) was measured using the 990 nm band pass filter. A 500 ms exposure time was
used to collect the data. The data were then normalized, smoothed using a MATLAB’s
Gaussian filter (frame length = 10), and aggregated.

For long-term sensor stability, slides were prepared using 30 mg/L of SWNT and placed in
individual slide holders with 4 mL of PBS, so that the surface was completely covered.
Slides were stored covered at room temperature. Every day, the supernatant was completely
removed and replaced with fresh PBS. We tracked the loss of SWNT from the surface of the
various platforms over the course of 10 days (including day 0). Fluorescence readings were
collected as previously described and the average fluorescence was calculated (7= 3 s=5).
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To simulate long-term fluorescence in cell culture conditions, slides were prepared and
analyzed as above, except L-15 media was used to incubate the slides. The slides were also
stored at 37 °C for the duration of the 10 day study.

To show the ability of cells to grow on the platforms, we seeded MDA MB 231 cells, grown
in complete L-15 media, and incubated at 37°C. The cells were imaged at 12, 24, 48, and 72
h time points.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
SWNT single-walled carbon nanotubes
NO nitric oxide
H,0, hydrogen peroxide
APTES (3-aminopropyl)triethoxysilane
3-GPTMS 3-glycidoxypropyltrimethoxysilane
HRP horseradish peroxidase
fwhm full width half maximum
XPS X-ray photoelectron spectroscopy
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Figurel.
Schematic of the fabrication of SWNT-derivatized substrates. The method contains four

main steps for the newly developed avidin platforms (a,b) and three steps for the APTES
platforms (c,d), which serve as the current standard method of SWNT sensor attachment to a
glass surface. The first step, outlined in red, is the addition of the piranha solution to the
glass slides to generate hydroxyl groups at the surface. Next, epoxy silane, outlined in light
green, or aminopropy! silane, outlined in dark green, is added and reacts with the exposed
hydroxyl groups and bind to the surface. For avidin platforms, there is one more step than
for the APTES platforms, outlined in blue is the addition of the avidin group. The final step
for both platforms is the addition of the SWNT. The biotinylated SWNT will interact with
the avidin on the platform to create a strong noncovalent bond. The nonbiotinylated SWNT
interacts with the avidin platform through electrostatic interactions. Both the biotinylated
and non-biotinylated SWNT interact with the APTES surface through electrostatic
interactions.
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Figure 2.

Behavioral properties of biotinylated SWNT compared to those of the non-biotinylated
SWNT. (a) Fluorescence emission spectra for 30 mg/L biotinylated SWNT and non-
biotinylated SWNT. (b,c) Isolated 990 intensity values for biotinylated SWNT and non-
biotinylated SWNT are not significantly different (as designated by n.s.). (d) Normalized
fluorescence spectra demonstrate nearly identical fwhm values. (e) Fluorescence quenching
curves in response to identical concentrations of NO demonstrate that biotinylation has a
negligible effect on SWNT quenching response. (7= 3 for a—e, unpaired #test demonstrated

a lack of statistical differences between samples).
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Figure 3.
Substrates were characterized with contact angle and XPS at each step of the process.

Contact angle measurements are shown for (a) piranha treated slides, which demonstrated a
contact angle of <5° that is consistent with glass substrates treated in this manner. (b)
GPTMS treated slides show a characteristic increase in a contact angle of 58.5°. (c) Avidin
treated slides show a decrease in the contact angle to 29.6°, which can be attributed to
avidin’s hydrophilicity. (7= 3, SE < 1.3 for all three conditions) XPS spectra data are shown
for each of these steps. (d) C 1s clearly demonstrates an increase in the total carbon after 3-
GPTMS and avidin functionalization indicating their presence on the surface. (e) N 1s peak
showed no substantial peaks until avidin functionalization indicating avidin’s presence on
the surface. (f,g) Both the O 1s and Si 2p peaks demonstrate shielding effects as the addition
of silane and later avidin decrease the signal intensity of the underlying SiO, framework.
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Figure 4.

Agility of each platform to create an evenly distributed, high concentration of SWNT was
tested. (a) Either non-biotinylated or biotinylated SWNT (30 mg/L) was applied to
intermediates in the derivatization processes and completely derivatized surfaces.
Intermediate surfaces showed little to no retention of SWNT while APTES and avidin
showed a significant increase in SWNT retention. The SWNT/substrate combinations of
APTES + non-biotinylated SWNT, APTES + biotinylated SWNT, and avidin + non-
biotinylated SWNT showed no significant differences (labeled as ns), while the avidin +
biotinylated SWNT condition showed a significant increase in fluorescence (labeled *)
compared to all electrostatic and nonspecific conditions, indicating that the addition of biotin
enhances SWNT retention (7= 3, s=5). (b) Individual data points are shown for the two
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main platforms with both biotinylated and non-biotinylated SWNT and (c) SWNT loading
was determined for concentrations of 10-50 mg/L. Concentrations of 30 mg/L and greater
produced significant increases in loading capacity for the avidin + biotinylated SWNT
combination when compared with all other combinations. It is not possible for the APTES +
non-biotinylated SWNT, APTES + biotinylated SWNT, and avidin + non-biotinylated
SWNT conditions to reach a fluorescence intensity level as high as that of the avidin +
biotinylated SWNT conditions, even with the addition of excess SWNT to those conditions.
(e=h) Representative images of avidin + biotinylated SWNT, avidin + non-biotinylated
SWNT, APTES + biotinylated SWNT, APTES + non-biotinylated SWNT, respectively, show
the even distribution of fluorescence that is achieved for all four conditions. (d)
Quantification of SWNT distribution was determined via the arithmetic average roughness
(Ry). Ry values showed no significant differences between substrate/SWNT combinations,
indicating a smooth loading of SWNT across all SWNT concentrations. Statistics performed
via one-way ANOVA analysis with multiple comparisons tests, conducted using the Tukey
method.
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Figure5.

At?ility of the sensor to react to NO and longevity of SWNT adhesion to the surface are both
important aspects in the development of an extracellular platform. (a) Biotinylated and non-
biotinylated SWNT (30 mg/L) was applied to APTES and avidin surfaces and quenched by
30 M NO (final concentration) (n= 3). The initial fluorescence intensity for the samples is
different, as displayed in Figure 4c. In an attempt to better compare the NO quenching
reaction, we used a normalized intensity for all conditions, setting the initial intensity value
to 100% and the other values for the specific sample were scaled to represent a percent of
the initial fluorescence. Samples showed similar quenching results until reaching 75%
quenching, indicating that the method of deposition had little impact on the initial sensor
response. On average, avidin + biotinylated SWNT, avidin + non-biotinylated SWNT,
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APTES + biotinylated SWNT, and APTES + non-biotinylated SWNT required 4.06, 4.46,
3.72, and 3.84 s to go from the point of NO addition to 75% fluorescence quenching, lacking
a statistical difference as determined by one-way ANOVA analysis with Tukey’s multiple
comparison test. Variations in total quenching and recovery may indicate that other factors,
such as sensor freedom of movement and concentration, play a role in sensor response. (b)
Biotinylated SWNT and non-biotinylated SWNT (30 mg/L) were applied to avidin and
APTES substrates respectively. Slides were stored in individual slide holders with 4 mL of
phosphate-buffered saline (PBS), which was replaced every day. Fluorescence intensity
values were tracked over the course of 10 days (7= 3, s=5). The avidin + biotinylated
SWNT sample was found to consistently outperform the APTES + non-biotinylated sample
with more than triple its fluorescence intensity.

ACS Appl Nano Mater. Author manuscript; available in PMC 2022 January 22.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Stapleton et al.

—
Q
~—
~
o
o

600
500

<
S

300
200
100

Fluorescence Intensity (a.u.)

Page 23
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Figure®6.

48 hr 72 hr

In vitro conditions are placed on the platforms to demonstrate their ability to maintain
fluorescence intensity and support cell growth. (a) Biotinylated SWNT and non-biotinylated
SWNT (30 mg/L) were applied to avidin and APTES substrates, respectively. Slides were
stored in individual slide holders at 37 °C with 4 mL of L-15 media, which was replaced
daily. Fluorescence intensity values were tracked over the course of 10 days (7= 3, s=5).
The avidin + biotinylated SWNT sample was found to consistently outperform the APTES +
non-biotinylated sample with more than triple its fluorescence intensity. (b) Cell growth is
shown for breast cancer cells (MDA MB 231) that were seeded on the sensor platforms.
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Images of cells were taken at 12, 24, 48, and 72 h time points, demonstrating cell growth
over a three day time frame.
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