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ABSTRACT Single-molecule fluorescent microscopy allows semiconducting single-walled carbon nanotubes  Riboflavin Trolox Oxygen

(SWCNTSs) to detect the adsorption and desorption of single adsorbate molecules as a stochastic modulation of 1’_"" 'r‘(‘r .
-

emission intensity. In this study, we identify and assign the signature of the complex decomposition and reaction : Singlet Oxygen

pathways of riboflavin in the presence of the free radical scavenger Trolox using DNA-wrapped SWCNT sensors DNA(AT15)-SWCNT Sensor

dispersed onto an aminopropyltriethoxysilane (APTES) coated surface. SWCNT emission is quenched by riboflavin-
e’ e
sf"\NH? (3-aminopropyl)

triethoxysilane
(APTES)

induced reactive oxygen species (ROS), but increases upon the adsorption of Trolox, which functions as a reductive

brightening agent. Riboflavin has two parallel reaction pathways, a Trolox oxidizer and a photosensitizer for singlet

oxygen and superoxide generation. The resulting reaction network can be detected in real time in the vicinity of a
single SWCNT and can be completely described using elementary reactions and kinetic rate constants measured
independently. The reaction mechanism results in an oscillatory fluorescence response from each SWCNT, allowing for the simultaneous detection of
multiple reactants. A series-parallel kinetic model is shown to describe the critical points of these oscillations, with partition coefficients on the order of
10°—10* for the reactive oxygen and excited state species. These results highlight the potential for SWCNTs to characterize complex reaction networks

at the nanometer scale.

KEYWORDS: single-walled carbon nanotube (SWCNT) - fluorescence - sensor - deoxyribonucleic acid - (DNA AT15) - single molecule -

Trolox - riboflavin - singlet oxygen - triplet state - scavenging (scavenger)

iboflavin, or vitamin B2, is an essential
Rmicronutrient that plays a key role in

regulatory health functions'* such
as body growth and development,®~® red
blood cell formation,®° hormone produc-
tion and regulation,” and sensitization of
tumor cells for apoptosis.'® Riboflavin also
plays an important role in the production of
metabolic energy in the electron-transfer
system by metabolizing carbohydrates, lip-
ids, and proteins."’ ' Owing to its omni-
present availability in frequently consumed
goods such as milk, yeast, vegetables, and
beer, riboflavin has been extensively stud-
ied as a photosensitizer in food'*™"® and
biological systems.2>?' Under illumination
with visible or UV light, riboflavin is excited
to the singlet state ('RF*), which then re-
laxes to the triplet excited state (3RF¥).22 The
3RF* reacts with oxygen either directly in a
type-ll pathway to form singlet oxygen or
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via hydrogen or electron transfer in a type-|
pathway to form free radicals.'"** The pre-
sence of singlet oxygen and radical pro-
ducts formed from the type-l and type-li
reaction pathways results in subsequent
riboflavin instability and degradation.>*~2¢

To address issues of instability, such photo-
sensitizers are often coupled with naturally
occurring tocopherols and vitamin E-type
compounds that demonstrate antioxidant
behavior.?” The addition of one such toco-
pherol, Trolox, has been shown to prolong
the shelf life of riboflavin-containing food
products such as milk?® and soybean oil*
via effective reactive oxygen species (ROS)
scavenging. The reactive intermediates in
the Trolox—riboflavin oxidative system of
reactions have been measured in bulk using
a combination of oxygen electrodes, as well
as flash and static photolysis measurements,
and the systems of reactions have been
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modeled previously.”> However, the simultaneous,
single-molecule measurement of such a heteroge-
neous system of reactive species remains unseen.

In previous studies, single-molecule measurements
of ROS were achieved using single-walled carbon
nanotubes (SWCNTs) as near-infrared fluorescent de-
tectors of such species.3°>3 SWCNTs possess several
advantages as sensors, including sensitivities that ex-
tend to single-molecule interactions.3*~*° To promote
monodispersion in aqueous environments, SWCNTs
are suspended in a variety of polymeric and surfac-
tant-based wrappings*' * that can impart selec-
tivity toward a specific analyte. The surrounding SWCNT
environment, which may induce charge transfer or
undergo conformational changes in the presence
of an analyte, imparts the nanotube with an optical
sensing mechanism. Such a mechanism has been used
in the development of sensors selective for glucose,**
DNA polymorphism and hybridization,*”*® ATP,*® and
nitric oxide (NO).>° This approach has been extended
to detect analytes down to the single-molecule level,
where individual molecular binding events result in the
stochastic fluctuation of a nanotube's fluorescence3*”"
Understanding how to discern the reaction pathways
of an unstable analyte using SWCNT emission can
extend this detection platform to more complex mol-
ecules and collections of molecules.

In this study, we identify, for the first time, the
signature of the complex decomposition and reaction
pathways of riboflavin using isolated SWCNT sensors
dispersed onto a (3-aminopropyl) triethoxysilane
(APTES) coated glass slide. The SWCNT emission is
quenched by riboflavin-generated ROS, but in-
creased by Trolox, which has been shown by Krauss
and co-workers to function as a reductive brightening
agent.>? Because riboflavin oxidizes the Trolox and is
also a photosensitizer for 'O, generation, the disparity
in the rates for each of these reactions creates an
oscillatory fluorescence response from each isolated
SWCNT or bundle on the surface. The oscillations
provide an opportunity to analyze these complex
reaction pathways that are otherwise difficult to study
at the surface of a single nanoparticle. The detection of
multiple species using SWCNT emission was previously
demonstrated by our laboratory as an example of
multimodality.>® However, this work demonstrates this
method for a reactive system. A series-parallel kinetic
model is shown to describe the critical points of these
oscillations, allowing for parameter estimates of the
corresponding partition coefficients of the reactive
species.

RESULTS

Figures Taand 1b show the experimental setup used
to measure and compare riboflavin quenching of a fluo-
rescent film of SWCNTs adsorbed to a microscope
slide in the presence and absence of the reducing
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brightening agent, Trolox. The incubation and absorp-
tion are conducted such that approximately 200—300
diffraction limited fluorescent spots are visible for
analysis. Frequency distribution histograms compare
the starting and ending fluorescence intensities of the
individual SWCNTSs in the presence of oxygen for (c)
just riboflavin addition, (d) riboflavin addition before
Trolox incubation, (e) Trolox addition before riboflavin
incubation, and (f) riboflavin and Trolox addition at the
same time. Upon riboflavin addition to the SWCNT
sensors, the fluorescence emission is quenched
(Figure 1c). If Trolox is added after riboflavin incuba-
tion, the amount of quenching is less pronounced
(Figure 1d) compared to the case in the absence of
Trolox (Figure 1c). This decrease in the riboflavin
quenching response in the presence of Trolox is attrib-
uted to the contrasting, brightening effect of Trolox
that has been observed in previous studies.>* If Trolox
is added prior to riboflavin addition (Figure 1e), or
Trolox and riboflavin are added simultaneously
(Figure 1f), the degree of total SWCNT quenching is
less pronounced than that observed in the previous
cases. In all cases, the starting intensity distribution
(red) is skewed toward dimmer SWCNTs. This initial
distribution is an artifact of the SWCNT-selection algo-
rithm used in this study, which selects nanotubes
based on their brightness within the first frame of the
movie. The algorithm first selects the brightest nano-
tubes, then the next brightest nanotubes, and so on,
until the 200 brightest, most sensitive nanotubes are
selected. After analyte addition, the final intensity
distribution (blue) becomes more Gaussian, indicative
of the nonlinear effects analyte addition has on
SWCNTs that vary in length, chirality, sensitivity, num-
ber of defects, reactivity, etc.

A birth-and-death Markov model was used to
extract concentration-dependent apparent rates
based on stochastic fluctuations in nanotube fluores-
cence due to single-molecule binding events.
A detailed description of the model can be found in
our previous work.2'***> To summarize, the algorithm
consists of three analytical steps: (1) extraction of
fluorescence versus time traces from individual
SWCNTs or collections of nanotubes which appear as
diffraction-limited spots, (2) fitting of these experimen-
tal traces to idealized, de-noised, multi-step functions
to identify transitions from noise, and (3) calculation of
the rate constant from the event information.

In the first step, which is the extraction of traces from
individual SWCNTSs, experimental fluorescence versus
time data were collected using a Zeiss AxioVision
inverted microscope with 658 nm laser excitation
coupled to a 2D InGaAs imaging array (Figure 1a). Petri
dishes containing DNA-wrapped films (Figure 1b) in
the presence of 2 mL of argon-bubbled phosphate
buffer saline (PBS) were placed on the microscope, and
a series of consecutive movie images of the fluorescing
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Figure 1. Fluorescent SWCNT array capable of detecting singlet oxygen. (a) Schematic of the microscope setup. A 658 nm
laser beam (red) excites at the SWCNT array deposited on the glass-bottomed Petri dish. The emission light (green) is collected
by a near-infrared array detector through a 100x TIRF objective mounted on an inverted microscope. The laser power at the
sample is 33.8 mW. (b) Sample configuration of the SWCNT array: individual AT;5-SWCNT complexes are deposited on the
Petri dish, which is pretreated by APTES, through electrostatic interactions. (c—f) Histograms showing frequency distributions
of starting and ending intensities of individual SWCNTSs in the presence of oxygen for (c) just riboflavin addition, (d) Trolox
addition after riboflavin incubation, (e) riboflavin addition after Trolox incubation, and (f) riboflavin and Trolox addition at the
same time. (g—i) Fluorescence images of DNA-wrapped SWCNT films: (g) sample image of the first frame of a movie, where the
bright spots are the fluorescence emissions from individual SWCNTs. Pixel intensities were averaged over 2 x 2 pixelated
regions, typical of diffraction-limited SWCNT emissions; h) cropped image from panel g, where SWCNTs located near the
outer ring of the laser boundary are removed; (i) image representing the location of the 200 brightest nanotubes that were
selected within the cropped image in panel h. (j) Representative intensity—time traces for selected individual SWCNTs in
image i.
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Figure 2. Representative fluorescence intensity—time traces (red) of individual SWCNTs in the presence of oxygen for five
nanotubes after being exposed to (a) just riboflavin addition, (b) Trolox addition after riboflavin incubation, (c) riboflavin
addition after Trolox incubation, and (d) riboflavin and Trolox addition at the same time for a final concentration of 1 mM for
Trolox and 100 M for riboflavin. Corresponding control traces in the absence of analyte addition (black) are shown for

comparison.

SWCNT films were recorded. A sample image collected
by the microscope is shown in Figure 1g. In the
analysis, nanotubes were located based on the first
frame of the movie. Therefore, it is essential that the
nanotubes remain stationary throughout the course of
the movie. Since the diffraction-limited spots of indi-
vidually fluorescent nanotubes resultin 2 x 2 pixelated
bright spots,3? the intensities in the first image of the
movie were averaged over 2 x 2 pixelated regions, and
the brightest pixelated regions corresponding to indivi-
dual SWCNTs were selected. Spectral measurements of
the pixelated regions performed in previous studies’'
verify individual SWCNT emissions. The fluorescence
from the nanotubes located near the outer boundary
of the illumination spot is susceptible to laser-induced
fluctuations in intensity. To avoid this, the image
was cropped to select only a region of interest
(ROI) that excluded boundary SWCNTs (Figure Th).
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The 200 brightest 2 x 2 pixelated regions were subse-
quently selected from the pixels located within this
ROI (Figure Ti). Representative intensity—time traces
for selected individual SWCNTs (circled as X, Y, Z in
Figure 1i) in the presence of oxygen for Trolox
addition after riboflavin incubation is provided in
Figure 1j. Fluorescence intensity—time traces (red) of
an individual SWCNT in the presence of oxygen for the
first five brightest nanotubes after exposure to (b) just
riboflavin, (c) Trolox addition after riboflavin incuba-
tion, (d) riboflavin addition after Trolox incubation, and
(e) riboflavin and Trolox addition simultaneously are
shown in Figure 2. When riboflavin is added to the
solution, a gradual quenching in the nanotube inten-
sity was observed, whereas in the presence of both
riboflavin and Trolox, an oscillatory quenching beha-
vior was observed. On the other hand, control traces
in the absence of additives (Figure 2, black) have
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Figure 3. 3-Dimage showing laser effect on SWCNT response with the addition of riboflavin (a) in the presence of oxygen and
(b) in the absence of oxygen. Cross sectional plot for the (7,6) nanotube chirality (c) in the presence of oxygen and (d) in the

absence of oxygen.

relatively stable baselines compared to the decreasing
and oscillatory traces in the presence of analyte. The
fluctuations in such baseline intensities, which can
be attributed to local variation in pH, concentration,
dielectric, and other factors affecting SWCNT emission,
have calculated rate constants that are an order of
magnitude below those achieved in the presence of
analyte.'

As discussed in previous studies, riboflavin illumina-
tion results in singlet oxygen and radical oxygen gen-
eration,”° 22 both of which act as quenchers of SWCNT
fluorescence. The 3-D spectrum shown in Figure 3a
shows the effect of photogenerated ROS on a range of
SWCNT emission wavelengths from a variety of SWCNT
chiralities. Riboflavin addition resulted in the immedi-
ate, uniform quenching of intensities across all nano-
tube chiralities. When the laser was turned off for
approximately 2 min and then subsequently turned
on again, intensity recovery over 2 frames was initially
observed, followed by a sudden quenching. These
observations indicate that the primary source of ROS
quenching is photogeneration of singlet oxygen
that is produced upon riboflavin illumination. A cross-
sectional view of the 3-D plot at a single fluorescence
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wavelength for the (7,6) nanotube chirality (Figure 3c)
elucidates this effect.

The observed singlet oxygen effect on SWCNT quen-
ching was hypothesized to contribute to the oscillatory
quenching behavior observed in Figures 2b—2d. To test
this, all cases were repeated in the absence of oxygen.
Figure 4 represents the corresponding fluorescence
intensity—time traces (red) of an individual SWCNT in
the absence of oxygen for first five brightest nanotubes
after being exposed to (a) just riboflavin addition,
(b) Trolox addition after riboflavin incubation, and (c)
riboflavin addition after Trolox incubation. Corre-
sponding changes in intensity distributions in the
absence of oxygen are shown in Figure 5.

As shown in Figures 4a and 5a, riboflavin addition
alone has no significant effect on SWCNT quenching in
the absence of oxygen. Only in the presence of Trolox,
a non-photosensitive compound, is quenching behav-
ior observed, which is attributed to a decrease in Trolox
concentration due to Trolox—riboflavin complexation.
The 3-D plot given in Figure 3b and corresponding
cross-section in Figure 3d further illustrate that in the
absence of oxygen, no quenching is observed across
several nanotube wavelength emissions.
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Figure 4. Representative fluorescence intensity—time traces (red) of an individual SWCNT in the absence of oxygen after
being exposed to (a) just riboflavin addition, (b) Trolox addition after riboflavin incubation, and (c) riboflavin addition after
Trolox incubation. Corresponding control traces in the absence of analyte addition (black) are shown for comparison.

Moreover, as shown in Figure 4, no oscillatory quench-
ing behavior is observed in the absence of oxygen,
indicating that the oscillation only occurs in the presence
of oxygen and is hence attributed to ROS production. In
the presence of Trolox (Figures 4b,c), very little quenching
was observed in the absence of oxygen, which may be
due to the decrease in Trolox concentration over time.

To elucidate the mechanism behind the observed
oscillatory behavior, the photochemical Trolox—riboflavin

SEN ET AL.

reaction pathway was modeled (Figure 6). In our pre-
vious studies,”® a Markov model was used to derive
concentration-dependent rate constants for nonreac-
tive systems using the intensity versus time traces. Such
traces displayed step-like changes in intensity with dis-
cretized transitions used to quantify stochastic binding
and unbinding instances. The intensity traces obtained
from this reactive system, on the other hand, lack
such discretized changes in intensity and thus
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Trolox addition after riboflavin incubation, and (c) riboflavin addition after Trolox incubation in the absence of oxygen.

cannot be quantified using the Markov model. The
model presented in Figure 6 is based on an adapta-
tion of the Trolox—riboflavin reaction system de-
scribed by Gutiérrez and co-workers in methanol
(where complexation between riboflavin and Trolox
under aqueous conditions is avoided).?' Initiation
occurs with the photoexcitation of riboflavin from
the ground state to the singlet state, as shown in
reaction R1.

Rf <% TRfx
hv

(R1)

The instability of singlet riboflavin results in the
spontaneous relaxation of riboflavin to the triplet
state. Triplet-state riboflavin may either relax to the
ground state according to reaction R2 or further

interact with other reactants in the solution
(reactions R3—R5).

3 ks

Rf* — Rf (R2)

Photoexcitation of riboflavin into the singlet and
triplet states has been quantified in previous studies
using laser flash photolysis®” ~° and double-pulse
fluorescence.®’ Photoabsorption allows for several
possible state transitions, depending on the nature
of the excitation source. For instance, ground-state
(So) absorption may result in excitation to the first
level (S;) or a higher level (S,) singlet energy state.
Similarly, excitation transitions are also possible
from lower energy singlet to higher energy singlet
states (S;—S,), as well as from lower energy to higher
energy triplet states (T;—T,). At high excita-
tion energies, singlet excited-state absorption is
possible. However, at intensities below 10° W/cm?,
ground-state absorption is mostly observed. With
typical excitation rates ranging between 10" and
10"> s, an excitation rate constant of 10'* s~' was
assumed.

Under continuous illumination, the system ap-
proaches steady-state concentrations as excited states
simultaneously undergo several relaxation transitions.
For instance, singlet riboflavin may undergo fluores-
cence (F) orinternal conversion (IC) to the ground state
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(S1—So) or intersystem conversion (ISC) to the triplet
state (S,—T;), with quantum efficiencies of ®F = 0.267,
@D =0.36, and Pjsc = 0.375. In an analogous manner,
the system may also undergo phosphorescence from
the triplet to the ground state (T;—Sy). As is the case
with absorption, relaxation transitions are also possible
among excited energy states (S,—S;, T,—T,), though
on a much smaller time scale (z ~ 1—100 fs) than that of
phosphorescence, fluorescence, and intersystem transi-
tioning (zr &~ 1-1000 us), allowing one to assume
spontaneous higher energy state transitions on the
reactive time scale? Provided the unstable nature of
the singlet state, which ultimately relaxes to the ground
and triplet states, singlet-state concentrations are typi-
cally low (~ 0 mM). In this study, singlet concentrations
are considered to be negligible as relaxation to the triplet
state is assumed to occur spontaneously over this reac-
tion time scale.

In the triplet state, riboflavin may undergo type-Il or
type-ll reaction mechanisms with either Trolox (reactions
R3 and R4) or ground-state oxygen (02(329)’) (reaction
R5), as shown below.

3RF* 4+ Tx > Rf 4 Tx (R3)
3RE* 4 Tx <4 RFF™ 4+ Tx" (R4)
3Rf* 1 0,05,) " > Rf+0,('Ag)  (RS)

In the presence of excess Trolox (=30 mM), the
photodecomposition of riboflavin is prevented through
excessive quenching of the singlet state. However,
modest Trolox concentrations (<1 mM) such as those
used in this study, allow for the photogeneration of
triplet riboflavin. As shown in reaction R5, the quench-
ing of riboflavin in the triplet state forms singlet
oxygen (02(1Ag)), which, together with superoxide
(O, 7), contributes to the irreversible degradation of
both Trolox and riboflavin. For instance, the reaction of
Trolox with superoxide yields an unstable intermedi-
ate, TxO*, which quickly relaxes to TxO according to
the reaction

Tx + 05" & Tx0* — TxO (R6)
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Figure 6. Reaction system for riboflavin and Trolox interactions. The schematic diagram summarizes the mechanism behind
ground-state Rf photoexcitation (left) and ROS generation (right). Photoexcitation of Rf with a rate constant of k, results in the
formation of singlet excited-state 'Rf*, which subsequently relaxes down to the triplet state >Rf*. The 3Rf* can either relax to
the ground state with a rate constant of k5, or it can react with Tx or ground-state 02(329)’. In one reaction with Tx (top, right),
3Rf* relaxes with a rate constant of ks to form ground-state Tx and Rf. The Tx and Rf can each react with O,-~ with rate
constants of ks and k, respectively. In the first reaction, Tx forms a reactive oxide, TxO*, which immediately relaxes to the
ground state, TxO. In the second reaction, Rf forms a reactive radical, Rf- ~, which further reacts with O, -~ with a rate constant
of kg to form Rf(OOH). In an alternative pathway, 3R> may react with Tx with a rate constant of k, to directly form Rf- ~ and the
Trolox radical Tx- . The Rf- ~ can further react with 02(323)* to regenerate Rf and create O,- ~ with a rate constant of kq. In a
competing pathway, 3Rf* may alternatively react with Os( %,)" to form Rf and 02(1Ag) with a rate constant of ks. The reactive
02(1Ag) can react with Tx with a rate constant of ko and k;, to formTxO, or regenerate 02(329)*, respectively. The 02(‘Ag) can
also react with Rf with a constant of k;, to form RfO, or with a constant of k5 to regenerate 02(329)*. In this reaction scheme,
02(1Ag) and O, decrease SWCNT fluorescence and Tx increases SWCNT fluorescence. The corresponding rate constant for
each reaction is designated k;_;5 (purple). The singlet-state energy levels for riboflavin are noted as Sy_,, and the triplet-state
energy levels are noted as T;_, (red). Energy levels are not drawn to scale. Legend: riboflavin (Rf), singlet excited-state
riboflavin ('Rf*), triplet excited-state riboflavin (3Rf*), riboflavin radical anion (Rf-~), riboflavin dioxide (RfO,), riboflavin
peroxide (RfOOH), Trolox (Tx), Trolox radical cation (Tx-"), Trolox oxide (TxO), excited state Trolox oxide (TxO¥), Trolox
dioxide (Tx0O;), ground-state oxygen (02(329)’), singlet excited state oxygen (02(1Ag)), superoxide (05 ).

Riboflavin may also react with superoxide to yield a
riboflavin radical (reaction R7) that can further react
with superoxide to form a peroxide (reaction R8).

Rf+05" % RF ™ +0,0%,) " (R7)
Rf'~ + 05" % RF(OOH) (R8)

In addition to superoxide, the riboflavin radical can also
react with ground-state oxygen (reaction R9) to gen-
erate the superoxide reactant used in reactions R6—R8.

RF ™+ 0,0%y) " > Rf+ 0, (R9)

Singlet oxygen formed from reaction R5 may also
further react with Trolox (reactions R10 and R11) and
riboflavin (reaction R12) to irreversibly generate oxides,
according to the reaction shown below.

Tx+05('Ag) <% TxO, (R10)
Tx+0,('Ag) < Tx+0,63,)~  (R11)
Rf +0,('Ag) % RfO, (R12)

SEN ET AL.

The excited-state oxygen may also spontaneously relax
to the ground state,

k

0,("Ag) = 0,C%4) ™ (R13)
Under aqueous conditions, riboflavin and Trolox under-
go a reversible complexation reaction, which is also
included in this model (reactions R14—R15).

Rf+Tx % Rf — Tx (R14)
Rf — Tx 2 Rf+Tx (R15)

A summary of the corresponding rate constants for
this reaction network is presented in Table 1. As noted
in the Table, values for the most part are derived
directly from the literature. The rate constant for the
riboflavin—Trolox association reaction was calculated
assuming diffusion-controlled conditions according to
the expression

kisa = 4n(rge + rr)(Drs + Dry) (ET)

where rgs and ry are the riboflavin and Trolox molec-
ular radii, and Dgs and Dy, are the corresponding dif-
fusion coefficients for riboflavin and Trolox, respectively.
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Using coefficient values of Dge=3.23 x 107 '° m%/s°® and
Drc = 5 x 107'° m?%/s>°, the molecular radii can be
calculated according to the Stokes—Einstein relation

, kgT
~ 6mnyD

(E2)

where kg is the Boltzmann constant, T is temperature,
and 7 is viscosity. With a calculated forward rate constant
of kiu=7 x 10° M7's™", a reverse rate constant of

TABLE 1. Literature Reaction Rate Constants for the
Network in Figure 6 in Bulk Solution®

rate constant value rate constant value
K 05! ks 14 x 18M 57!
% 37 x 107! ke’ 22 x 108M 57!
ks 47 x 1M ki 13 x 108M "5
ke 62 x 108M s ki 6x 10 M s
ks 9 x 108M"s7! ki 5% 10°s"
ke 17 x 10" M5! kid 7x10°M s
k' 10°M "5 kid 9 x 10857
ki 85 x 1M~ "s"

“ All rate constants, except kq4, were evaluated based on values determined in the
literature. The rate constant k; was approximated assuming diffusion-controlled
conditions using diffusion coefficients derived from the literature. Appropriate
citations are provided as follows. ®Islam et al. (2003)°” using double-pulse
measurements in aqueous solution at pH 7; k; was calculated based on the
combined radiative and internal conversion rates of k,g = 5.28 x 10" s~ and kic =
7.1 % 107 s~ ky is calculated from the phosphorescence time constant of T, =
27 us. “ Gutidrrez et al. (2001)2 in methanol. ¢ Cardoso et al. (2007)" . ¢ Nishikimi
and Machlin (1975).5* *Afanas'ev (1991)°° for glucose oxidase reaction with
superoxide anion. ? Nonell et al. (2005).% ky is based on the reported reactive rate
constant k, = 2.2 x 10 M™" s™", whereas ki, the quenching rate constant (k,), is
calculated as the difference between the total rate of k, = 3.5 x 10*M~'s ™" and
k.. "Wilkinson & Brummer (1981).5” ! Association rate constant was calculated
assuming diffusion-controlled conditions. The Trolox diffusion coefficient was taken
as 5 x 107" m%/s from Masuhara et dl. (2007),Sg and the riboflavin diffusion
coefficient was taken as 3.23 x 107'° m¥s from de Jesus et al. (2012).>°
/ Dissodiation rate constant was calculated from the association rate constant k14 and
the equilibrium rate constant of 79 M~ from Gutiérrez et al. (2001)25 using the
Benessi— Hildebrandt method as described by Forster (1969).58

surface

Analyte molecules

APTES functionalized glass

ks =9 x 107 s~ " was calculated by dividing the forward
constant by the apparent association constant of
79M '

It is important to note that though the network of
reactions is assumed to occur homogenously in solu-
tion, as shown in Figure 1b, the sensing mechanism is
confined to the APTES-functionalized glass surface
containing the nanotube-based sensors. As shown in
Figure 7, the nanotube sensors are surrounded by
hydrophobic, APTES molecular chains that hinder ana-
lyte access to the nanotube surface. To accurately
model the detection of the reaction products by the
sensors, this model introduces a partition coefficient, «,

_ [Clfiim
[Clbui

The partition coefficient, which is the ratio of the concen-
tration of the analyte in the vicinity of the sensor film,
[Clgim, to that in the bulk solution, [C],,, accounts for
the heterogeneity of the analyte concentration in the
Petri dish. The value of this partition coefficient was
determined by fitting the model to representative
experimental traces. However, it should be noted that
this involves only three adjustable parameters, main-
taining that the reaction network and literature values
for rate constants describe the complex, oscillatory
response of the emission.

The starting concentrations for Trolox and riboflavin
used in this model are 0.89 mM and 0.1 mM, res-
pectively, with a dissolved oxygen concentration of
0.26 mM. With concentrations on the order of ~0.1 mM
and second-order reaction rate constants <10°
M~ s, as expected, the corresponding first-order
reaction rates of <10° s~ are significantly slower than
the riboflavin state transitions (>10” s~ '), which may be
assumed to spontaneously equilibrate wherein quan-
tum efficiencies are essentially maintained throughout
the reaction scheme.

(E3)

Bulk Solution
[ Concentration,

® [Clouk

L__ Glass Film
Concentration,
[Clfim = & [Cloui

[Clouik > [Clfiim

Figure 7. Role of partition coefficient in determining analyte concentration. The sensing mechanism relies on the interaction
of the analyte (orange spheres) with the DNA-wrapped nanotube sensor, which is adsorbed onto an APTES functionalized
glass surface. The partition coefficient provides the ratio of the concentration of the analyte in the APTES film atop the glass

surface to that in the bulk phase.
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Figure 8. (i) Representative control trace (blue), experimental trace (black), and fitted model trace (red) of an individual
SWCNT in the presence of oxygen. (ii) Normalized concentrations of the reactive products after being exposed to (a) just
riboflavin addition, (b) Trolox addition after riboflavin incubation, (c) riboflavin addition after Trolox incubation, and

(d) riboflavin and Trolox addition simultaneously.
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Figure 9. (i) Representative control trace (blue), experimental trace (black), and fitted model trace (red) of an individual
SWCNT in the absence of oxygen. (ii) Normalized concentrations of the reactive products after being exposed to (a) just
riboflavin addition, (b) Trolox addition after riboflavin incubation, and (c) riboflavin addition after Trolox incubation.

The predicted fluorescence oscillations are shown in
Figure 8a—d(i), along with sample experimental and
control traces. The best-fit partition coefficient for the
traces used in this study ranged from 107°—10"* The
resulting concentrations of the reactants and products
over time based on these coefficient values are shown
in Figure 8a—d(ii). As shown in the control experi-
ments, Trolox modulates nanotube fluorescence even
in the absence of oxygen. Riboflavin modulation,
however, is more strongly dependent on the pre-
sence of oxygen, alluding to the fact that nanotube
fluorescence is indirectly affected by riboflavin via
the formation of ROS. To model the effects of the
reactive products on nanotube fluorescence, we

SEN ET AL.

examined the sum of the normalized concentrations,
adding products (Trolox) that are expected to in-
crease nanotube fluorescence and subtracting those
(singlet oxygen, radical oxygen) that are expected to
decrease nanotube fluorescence (Figure 8a—d(i)).
These plots demonstrate oscillations that are reminis-
cent of those seen in the experimental data with
inflection points that coincide with those observed
experimentally.

Similarly, we examined the predicted concentrations
in the absence of oxygen (Figure 9). In the absence
of oxygen, only the effects of the decreasing concen-
tration of Trolox are seen, as singlet oxygen species are
no longer generated by riboflavin. Again, the traces
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shown in Figure 9a—d(i) are reminiscent of those seen
experimentally in the absence of oxygen.

CONCLUSION

In this study, single-molecule detection of the photo-
chemical reactions that occur in the presence of Trolox
and riboflavin in both the presence and absence of

METHODS AND MATERIALS

DNA Oligonucleotide Nanotube Suspension. SWCNTs were wrapped
with d(AT)s oligonucleotide (Figure 1a) using a previously pub-
lished method.>'>3 Briefly, HIPCO SWCNTs purchased from
Unidym were suspended in 0.1 M NaCl with a 30-base (dAdT)
sequence of ssDNA (Integrated DNA Technologies) in a 2:1 DNA:
SWCNT mass ratio, with typical DNA concentrations of 2 mg/mL.
After 10 min sonication with a 3 mm probe tip (Cole-parmer)
at a power of 10 W, samples were centrifuged for 180 min
with a benchtop centrifuge (Eppendorf Centrifuge 5415D) at
16 100 RCF. After centrifugation, the supernatant was collected
and the pellet was discarded.

Trolox Solution. A 50 mM Trolox solution was made by dis-
solving 0.125 g of Trolox in 10 mL of methanol. Since Trolox is
highly soluble in methanol, complete dissolution was obtained
immediately upon mixing. In all experiments, appropriate
amounts of Trolox solution were added to yield a final Trolox
concentration of 1T mM. Since recent studies*> have shown that
the addition of a pure methanol solution in the absence of Trolox
does not affect SWCNT fluorescence, the effects of solvent
mixing is negligible for the volumes used in this study. Trolox
was purchased from Sigma-Aldrich and stored in 2—8 °C.

Riboflavin Solution. A 0.37 mM riboflavin stock solution was
prepared by dissolving 2.8 mg of riboflavin in 20 mL of water.
In all experiments, appropriate amounts of riboflavin solution
were added to yield a final concentration of 100 uM riboflavin.
Riboflavin was purchased from Sigma-Aldrich and stored at
room temperature.

Microscopy and Data Collection for Single Molecule Detection. DNA-
SWCNT films were prepared according to previously published
methods."33 Briefly, a 200 uL droplet of APTES was added to
the bottom of a glass-bottomed Petri dish (Mattek P35G-1.5-14-C)
for surface pretreatment and subsequently rinsed 3 times with
1 x PBS. Then, 200 uL of the DNA oligonucleotide—SWCNT
solution was added to the glass surface and incubated for
2—3 min. The SWCNT solution was then removed and the Petri
dish was once more rinsed 3 times with buffer. The film was
incubated for 5—10 min prior to the addition of 2 mL of PBS
buffer. In the single-molecule microscope measurements,
AT;5—SWCNT samples were excited by a 658 nm laser (LDM-
OPT-A6-13, Newport Corp) at 33.8 mW and fluorescence emis-
sion was monitored in real time through a 100x TIRF objective
using an inverted microscope (Carl Zeiss, Axiovert 200) with a
2D InGaAs array (Princeton Instruments OMA 2D). Movies were
recorded using a WinSpec data acquisition program (Princeton
Instruments) at 0.2 s/frame. Before each recording, a control
movie, with the same movie length as the non-control movie,
was taken to ensure a stable baseline. Stabilization was subse-
quently followed by riboflavin and/or Trolox injection. Measure-
ments were recorded immediately upon analyte injection at
time = 0. The final molar ratio of Trolox to riboflavin to SWCNT
(assuming an average of 10° amu with the initial incubation
volume of the SWCNT solution) added to the Petri dish was ca.
1T mM:0.1 mM:0.071 mM.

For experiments conducted in the absence of oxygen, 3 mL
of PBS, Trolox, and riboflavin were introduced into 5 mL round-
bottom flasks. The flasks were sealed with septums with two
protruding needles to provide for a gas inlet and outlet. This
system was purged with argon gas (Airgas) for 2 h to remove
dissolved oxygen in the buffer. Then, Trolox and/or riboflavin

SEN ET AL.

oxygen was observed for the first time. Single-molecule
oscillatory behavior was observed as binding analytes that
enhance (Trolox) and quench (ROS) SWCNT fluorescence
compete for binding sites on the SWCNT sensor. The
series of photoelectrochemical reactions was modeled,
and the modeling results were able to qualitatively predict
the fluorescence behavior of the nanotube sensors.

were injected through a fine hole, minimizing air exposure and
preventing oxygen dissolution.

Conflict of Interest: The authors declare no competing
financial interest.
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