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Abstract

We first reported the selective detection of single nitric oxide (NO) molecules using a
specific DNA sequence of d(AT);s oligonucleotides, adsorbed to an array of near infrared
fluorescent semiconducting single-walled carbon nanotubes (AT;s-SWCNT). While
SWNT suspended with eight other variant DNA sequences show fluorescence quenching
or enhancement from analytes such as dopamine, NADH, L-ascorbic acid, and riboflavin,
d(AT);5s imparts SWNT with a distinct selectivity toward NO. In contrast, the
electrostatically neutral polyvinyl alcohol, enables no response to nitric oxide, but
exhibits fluorescent enhancement to other molecules in the tested library. For ATs-
SWCNT, a stepwise fluorescence decrease is observed when the nanotubes are exposed
to NO, reporting the dynamics of single-molecule NO adsorption via SWCNT exciton
quenching. We describe these quenching traces using a birth-and-death Markov model,
and the maximum likelihood estimator of adsorption and desorption rates of NO is
derived. Applying the method to simulated traces indicates that the resulting error in
estimation is less than 5% under our experimental conditions, allowing for calibration
using a series of NO concentrations. As expected, the adsorption rate is found to be
linearly proportional to NO concentration, and the intrinsic single-SWCNT-site NO
adsorption rate constant is 0.001 s’ uM NO'.  The ability to detect nitric oxide
quantitatively at the single-molecule level may find applications in new cellular assays
for the study of nitric oxide carcinogenesis and chemical signaling, as well as medical
diagnostics for inflammation.

Further, we also explored the concept of creating molecular recognition sites using
polymer-SWCNT complexes. Molecular recognition is central to the design of
therapeutics, chemical catalysis and sensor platforms, with the most common
mechanisms involving biological structures such as antibodies[1] and aptamers[2, 3].
The key to this molecular recognition is a folded and constrained heteropolymer pinned,
via intra-molecular forces, into a unique three-dimensional orientation that creates a
binding pocket or interface to recognize a specific molecule. An alternate approach to
constraining a polymer in three-dimensional space involves adsorbing it onto a
cylindrical nanotube surface[4-7]. To date, however, the molecular recognition potential
of these structured, nanotube-associated complexes has been unexplored. In this work,
we demonstrate three distinct examples in which synthetic polymers create unique and
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highly selective molecular recognition sites once adsorbed onto a single-walled carbon
nanotube (SWCNT) surface. The phenomenon is shown to be generic, with new
recognition complexes demonstrated for riboflavin, L-thyroxine, and estradiol, predicted
using a 2D thermodynamic model of surface interactions. The dissociation constants are
continuously tunable by perturbing the chemical structure of the heteropolymer. The
complexes can be used as new types of sensors based on modulation of SWCNT
photoemission, as demonstrated using a complex for real time spatio-temporal detection
of riboflavin in murine macrophages.

Cardiac biomarkers troponin I and T are recognized as standard indicators for acute
myocardial infarction (AMI, or heart attack), a condition that comprises 10% of U.S.
emergency room visits [8]. There is significant interest in a rapid, point-of-cae (POC)
device for troponin detection[9]. In this work we demonstrate a rapid, quantitative, and
label-free assay specific for cardiac troponin T detection, using fluorescent single-walled
carbon nanotubes (SWCNTs). Chitosan-wrapped carbon nanotubes are crosslinked to
form a thin gel that is further functionalized with nitrilotriacetic acid (NTA) moieties.
Upon chelation of Ni**, the Ni**-NTA group binds to a hexa-histidine-modified troponin
antibody, which specifically recognizes the target protein, troponin T. As the troponin T
binds to the antibody, the local environment of the sensor changes, allowing for the
detection through changes in SWCNT bandgap fluorescence intensity. In this work, we
have developed the first near-infrared SWCNT sensor array for specific cTnT detection.
Detection can be completed within 3 minutes, and the sensor responds linearly to the
¢TnT concentrations, with the experimental detection limit of 100 ng/ml (2.5 nM). This
platform may provide a promising new tool for POC AMI detection in the future.
Moreover, the work presented two useful methods of characterizing two commonly used
functional groups, amines and carboxylic acids in soft gels, and this will be useful for
other researchers studying hydrogel chemistry. In addition, we synthesized and
characterized chitosan-gels both with and without NTA groups, and we compared
fluorescence responses upon the addition of four different divalent cations, including
Ni**, Co®*, Mg?*, and Mn**. We proposed a model based Flory-Huggins theory, without
any fitted parameters, that is able to describe the fluorescence increase as the Ni?*
concentration increases. The model suggests that the strong binding of Ni** onto NTA
groups decreases the number of mobile ions in the gel, resulting in a reduction in the
ionic chemical potential inside the gel. As a result, the gel de-swells, leading to a local
SWCNT concentration increase and an increase in the SWCNT fluorescence signal.

Thesis Supervisor: Michael S. Strano
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adopting liquid gating configuration.

Protein sensing scheme from Merkoci group.

A 3D sketch of the device that demonstrates the mechanism of the electronic
detection (not to scale).

Impedimetric based device sensing scheme.

Schematic diagram of the immunosensor setup used in the experiments.

(left) Schematic diagram of homogeneous immunoassay based on the RLSCS
technique. GNP-Ab1 and GNP-Ab2 express the bioconjugates of antibody-1 and
antibody-2 with GNPs. The immunocomplex expresses a sandwich
immunocomplex with GNP-Abl and GNP-Ab2. (Right) Schematic diagram of
resonance light scattering correlation spectroscopy (RLSCS).

Typical absorption spectrum of a chitosan-SWCNT suspension (2 times diluted,
black) in comparison with a 2 wt% sodium cholate suspended SWCNT solution
(red) (a) and the corresponding SWCNT fluorescence of the Ni/NTA/chitosan-
SWCNT sensor array (b).

Typical absorption spectrum of 6xHis-Anti-Trop antibody in PBS.

Calibration of chitosan-amines. w/v% chitosan as a function of Aisy after the
amine assay.

Scheme of troponin detection using the SWCNT sensor.

Physical characterization of the gel.

Non-specific adsorption property of chitosan-SWCNT.

Amine group characterization.

NTA and Ni** quantification.

Fluorescence response of 6xHis-Anti-Trop/N/NTA/Chitosan-SWCNT sensor to
troponin.

20 ul human full serum fluorescence compared with a chemistry completed
chitosan-gel incubated in 20 pl PBS, under 785 nm laser illumination.
Fluorescence of chitosan-SWCNT in modulation upon addition of divalent metal
ions, MgSQO, (red), MnSO, (blue), CoSO4 (green), and NiSO4 (purple) at 33 mM
each. The solution was excited by 785 nm laser at 150 mW power at the sample.
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Figure 6.2 Absorption of chitosan-SWCNT solution upon addition of MgSQ,(a), MnSO, (b),
CoS0q (c), and NiSO4(d), at 33 mM each.

Figure 6.3 Intensity, normalized to the starting intensity, of c-chitosan-SWCNT (a-d) and c-
NTA-chitosan-SWCNT (e-h) monitored overtime under a fluorescence
microscope (excited at 785 nm, 150 mW at the sample), upon 2 cycles of
addition of ions and washing processes.

Figure 6.4 Schematic, experimental, and modeling results of the c-NTA-chitosan-SWCNT
de-swelling upon addition of NiSO4, upon addition of NiSO4.

Figure 6.5 Model-calculated chemical potentials and ionic concentrations inside and outside
the c-NTA-chitosan gel.
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1 Introduction of Carbon Nanotube Fluorescence

1.1 Carbon nanotube Fluorescence and Optical Sensing
Mechanism

Single-walled carbon nanotubes (SWCNTSs) are cylindrical graphene layers with
nanometer-sized diameters. Since the discovery of SWCNT’s band gap fluorescence in
2002[10], fluorescence-based imaging and sensing have becoming an emerging field.
Figure 1.1 gives the 1D tight binding model on the van Hove singularity of SWCNT’s 1D
electronic states, where Ej; denotes the optical transition energy between i-th valence and
conduction bands. Fluorescence is explained as a process where absorption at Ej; is

followed by fluorescence at E;;, which usually is in the near-infrared[10].
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Figure 1.1 Schematic density of electronic states for a single nanotube structure. (a) Solid

arrows depict the optical excitation and emission transitions of interest; dashed arrows denote
nonradiative relaxation of the electron (in the conduction band) and hole (in the valence band)
before emission. (Figure adopted from reference [10], Reprinted with permission from AAAS).
(b) and (c) Energy diagrams of the effect of the band gap renormalization and exciton binding
energies on the optical transition energy in (b) unscreened and (c) screened environments.
(Figures adopted with permission from [11]. Copyright 2007 American Chemical Society)

Although the 1D tight binding model picture is easy to understand, it does not fully
reveal the SWCNT photophysics. Semiconducting SWCNTSs are excitonic in nature[12,
13]. An exciton is a photo-excited electron-hole pair bound by a Coulomb interaction,

and the associated energy, strong exciton binding energy, or Egjng, iS more significant in
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SWCNT than in other materials, because of the semiconducting property of SWCNT and
its 1D structure[14, 15]. Instead of measuring the single particle bandgap, SWCNT
fluorescence experiment measures the optical transition energy, or Eoptical, which is
largely tuned by Eging. As shown in the schematic of Figure 1.1b and Figure 1.1c, Eoptical
is determined by a combination of single particle band gap, Esp, electron-electron
interaction energy, Epcr, and the strong exciton binding energy, Eginga, o,

E, =Eg+Ey —Epina- Different local environment affects the dielectric constants,

opt
modulating both Epgr and Eging, Varying Eoptica, Which provides one mechanism for
SWCNT sensing.

In addition to the aforementioned mechanism through the change in the local
dielectric constant, another typical fluorescence modulation mechanism is through a
mechanism where redox active molecules either donate or withdraw either ground-state
or excited state electrons, enhancing or quenching SWCNT fluorescence[16, 17].

Detailed review can be found in the reference [18].

1.2 Advantages of SWCNT for Optical Sensing in Biological
Systems

SWCNT are cylindrical graphene layers with nanometer-sized diameters that emit
stable near-infrared (NIR) light with no reported photobleaching threshold[19-21], which
allows for prolonged imaging in living cells and tissues[21-25]. Moreover, their one-
dimensional electronic structure results in great sensitivity to analytes of interest.
Previous work in our laboratory has demonstrated that a synthesized diaminophenyl
functionalized dextran polymer enables rapid and direct response of SWCNT to NO[25].
Recently, single-molecule adsorption on the SWCNT sidewall has been resolved through
quenching of excitons [26-31], enabling a new generation of optical sensors capable of
the ultimate detection limit: single molecules. The recorded fluorescence modulation,

supplemented with proper calibration, provides a means for evaluating the concentration
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of the quencher molecule, even at low concentrations[24, 25, 29, 30, 32]. Furthermore,
compared with small molecule fluorescent probes, non-diffusive SWCNTs allow
otherwise impossible quantification of molecules with precise spatial resolution at the
nanometer scale. This type of platform has recently demonstrated its capability of
studying reactive oxygen species signaling at the single cell level[30].

SWCNT fluorescence exhibits the three essential figures of merit (FOM) necessary
for the development of biologically applicable fluorescence-based sensors: quantum yield,
photo-stability, and tissue transparency in the SWCNT emission range[23]. The first
figure of merit, quantum yield, ¢, is the number of photons emitted per incident photon
absorbed upon excitation [33-36], or

_ # Photons Emitted
# Photons Absorbed (].1)

However, since absorption is strongly dependent on wavelength[37], quantum yield
will vary according to incident excitation wavelength. Since SWCNT emission contains
quantitative information on the immediate environment of the nanotube, measureable
quantities are required for the development of sensor applications that rely on analyte

binding in the vicinity of the nanotube.
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Figure 1.2 Demonstration of SWCNT photo-stability and tissue transparency. (a) Most
fluorophores, such as indocyanine green (ICG) undergo rapid photobleaching upon continuous
illumination (blue). SWCNT-based emission (red) remain photo-stable even under high fluence
(1.3 x 107 W/m®). (b) SWCNT fluoresces (blue) primarily in the near-infrared regime (820 —
1600 nm™). Blood (red) and water (black) absorbance primarily occurs in the visible and infrared
regimes, respectively. The gap in tissue absorbance, which occurs in the near-infrared regime,
ensures minimal tissue interference with SWCNT fluorescence emission. (Adapted from Wray
and co-workers [37] with permission from Elsevier).

The second figure of merit, photo-stability, is essential for real-time monitoring of
SWCNT fluorescence over extended periods of time. Most organic [38] and nanoparticle
[39] fluorophores undergo photobleaching upon continuous illumination (Figure 1.2a).
However, even under high fluence (1.3)(107 W/mz), SWCNTs demonstrate continual
stability in their fluorescence emission[21, 37]. The ability to maintain constant
fluorescence emission under continuous illumination not only ensures reproducibility in
fluorescence measurements, but also alludes to the development of sensors with
indefinite lifetimes. A quantitative comparison of the photo-stability and resulting
lifetimes of various fluorescing molecules and of SWCNTSs is compared assuming a time-

dependent signal intensity [23]:

_ —2ud-kt
I, =1,pe (1.2)
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where I is the emission florescence intensity, Iy is the incident excitation intensity, d is
the distance in which the sensor is implanted from the surface of the tissue with an
absorption coefficient of p, k is the pseudo-first-order photobleaching rate constant and 1
is the exposure lifetime. The results of this rate constant comparison are summarized in
Table 1.1, which indicates that SWCNTSs are the only fluorophores to date that do not

photo-bleach over extended periods of time.

Table 1.1 Comparison of Photobleaching Tendency of Common Organic and Nanoparticle
Fluorophores (Table adapted with permission from Reference [23]. Copyright 2005 American
Chemical Society)

Photo-bleaching rate constant |Fluence |Nominal Sensor Lifetime
hr! mW/cm’
IR-Dye 78-CA[39] 250.92 600 AR
Cy5[39] 20.52 600 39.1s
Indocyanine
Green[38] 0.0412 28 54h
Type II NIR QD[39] 0.0827 600 27h
SWCNT(21, 23] 0 1.0x10° ®

Though the third figure of merit, tissue transparency within the SWCNT emission
range, is not necessarily required for the development of a stable and accurate sensor, it is
essential for any optical sensor operating in vivo. This FOM refers to the condition in
which living tissue absorption does not interfere with the excitation and emission
wavelengths of SWCNT-based sensors emission [37-41]. It is important to note that
though tissue such as blood and skin do absorb light over a limited range of wavelengths,
these wavelengths do not overlap with the nanotube excitation and emission wavelengths

necessary for optical sensing. As shown in Figure 1.2b, blood absorbance occurs in the
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visible range, whereas water absorbance occurs in the infrared. SWCNTs fluoresce in the
near-infrared window where there is minimal blood and water absorbance, and is
therefore suitable for in vivo applications. Assuming a maximum in vivo sensing error of

20%, the maximum working lifetime of the sensing device can be approximated as

_In(0.8)
k(3

based on the aforementioned photobleaching rate constants, sensor lifetimes can be

approximated taking into account the effects of tissue absorption on quantum yield. A

comparison of these values as conducted by Barone and co-workers[23] is summarized in

Table 1.2 Comparison of commonly utilized visible and near-Infrared organic and
nanoparticle fluorescent probes based on quantum yield (Q. Y.) and absorbance in human whole
blood (w)[23, 37]. (Table adapted with permission from Reference [23]. Copyright 2005
American Chemical Society)

Conditions for Q. Y. - 1 1 i

Standards Q.Y; ———— excitation |p(cm™) |[p(cm™) | FOM
% nm OXy Deoxy

Cy5 27 | PBS 620 2 60 3.20x10®
Fluorescein 95 0.1 M NaOH, 22°C | 496 150 120 5.23x1071®
"égo‘ia‘m“e 95 | water 488 200 105 3.30x10™%
Rhodamine B | 31 water 514 110 190 1.60x1013!
Indocyanine | o e | water (0.15 /1) 820 0.96 0.77 4.72x10™
Green
Indocyanine | | ;4 | 41504 (0.08 g/) 830 1.01 0.7788 | 1.91x107
Green
gg’e I NIR|,; |pgs 840 1.05 0778 | 2.09%102
SWCNT 0.1 |PBS 1042 0.889 0.12 3.65x10™

“Based on a 1-cm implanted sensor device, an average p is utilized.

In addition to demonstrating the three necessary FOMs, functionalized SWCNTs in
particular also possess many properties that render them ideal as sensor platforms for

biological systems, particularly when queried by optical means. For instance, some non-
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covalently functionalized polymer-SWNT constructs have proven amenable to
biodistribution studies without acute toxicity in mouse models[42, 43]. Although
SWCNTs have been shown to inhibit human HEK293 cell growth via apoptosis and
decreasing cellular adhesion capabilities[44], recent studies reveal that SWCNT toxicity
decreases with increasing sidewall functionalization, with functionalized nanotubes
demonstrating substantially less cytotoxic tendencies relative to surfactant-suspended
nanotubes[45]. Unlike non-functionalized SWCNTs, SWCNTs that are properly
functionalized with chelating molecules such as diethylentriaminepentaacetic (DTPA)
demonstrate no retention within the reticuloendothelial organs and are excreted as intact
nanotubes[46]. Further studies suggest that functionalized nanotubes do not affect the
functional activity of B and T lymphocytes and macrophages upon uptake in vitro, thus
preserving the functionality of primary immune cells[47]. In addition to demonstrating
enhanced biocompatibility and diminished cytotoxicicty, functionalization also imparts
SWCNTs with analyte-specific interactions. It has been demonstrated in many examples
that the selectivity of SWCNTs for molecules of interest could be imparted from different
non-covalently functionalized wrapping molecules, such as proteins or enzymes[24, 48],
DNA oligonucleotides[22, 48-50], peptides[51, 52], and synthetic polymers[53]. Thus,
the purpose of SWCNT functionalization is two-fold: to enhance biocompatibility and to

impart analyte-specific sensing capabilities.
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2  Selective Fluorescence Sensor for Nitric Oxide

Detection

Some of the work, text and figures presented in this chapter is reprinted or adapted

with permission from reference [32]. Copyright © 2011, American Chemical Society.

2.1 Significance of Nitric Oxide Detection

Nitric oxide (NO) is an important cellular signaling molecule[54-56], critical for
maintaining vascular physiology[57-60] and regulating immune defense[54, 61]. In
addition, its paradoxical roles in carcinogenesis remain unclear, with experimental results
suggest both pro- and anti- cancer effects[62-66]. It has been established that there are
two fundamental factors complicating the biological effects of NO in vivo: its
concentration and its location of production[62, 64, 66, 67]. Accurate detection of NO is
essential to understanding its diverse biological roles. Difficulties arise mainly due to its
rapid diffusivity, and high reactivity with endogenous molecules, including oxygen,
exposed thiols, other free radicals, and heme proteins[68-74]. The resultant short life-
time and its cellular reaction byproducts affect the accuracy of detection in many cases.
Chemical approaches to the detection of nitric oxide or its reaction products have been a
constant focus of research in recent years, most of which are on designing and
synthesizing organic fluorophores[70, 75-97] or quantum dots[98, 99] that modulate
fluorescence upon exposure to NO. Our laboratory has previously demonstrated that
single-walled carbon nanotube (SWCNT) wrapped in a diaminophenyl dextran is capable
of detecting NO within live murine macrophages[25]. In the present work, we develop

an alternate construct based on a specific DNA oligonucleotide that allows selective
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detection of NO at the single molecule level, for the first time. This forms a basis for
studying NO generation in cellular signaling networks, as we have previously
demonstrated for the case of H,0, signaling, initiated by epidermal growth factor
receptor (EGFR)[29, 30].

The most extensively used method of NO quantification, the Greiss assay, is robust
but indirect, as it only measures the oxidation product of NO, or NO,". Alternatively, NO
selective electrodes, electron paramagnetic resonance and chemiluminescence assays
may quantify NO directly with high sensitivity, but often lack spatial resolution[69, 70,
76]. Fluorescence-based probes combined with microscopy are particularly useful for
resolving spatial and temporal aspects of NO production[70, 75-77]. Many techniques
rely on the reaction of a diamino-aromatics with either N,Oz[78, 79] or NO* [80-83],
leading to the formation of a highly fluorescent product. A promising recent approach
uses a 5-amino-1-naphthonitrile derivative with NO™ to form a diazo ring that fluoresces
in red [84]. Although lacking direct reactivity with NO, these methods represent the
state-of-the-art, and are widely applied[75]. In addition, recent work on fluorescent nitric
oxide cheletropic traps (FNOCTY)[85, 86], and metal-based probes[87-97] that react
directly with NO, are also promising approaches. Organic fluorophores are highly
sensitive and robust, but also tend to photobleach, limiting their useful lifetime, and often
preventing quantitati‘ve analysis[21].

Single-walled carbon nanotubes (SWNT) are used ubiquitously as chemical sensors
of various types, with fluorescent sensing emerging as a particularly advantageous
modality. SWNT are cylindrical graphene layers with nanometer-sized diameters that

emit stable near-infrared (NIR) light with no reported photobleaching threshold[19-21],
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which allows for prolonged imaging in living cells and tissues[21-25]. Moreover, their
one-dimensional electronic structure results in great sensitivity to analytes of interest.
Previous work in our laboratory has demonstrated that a synthesized diaminophenyl
functionalized dextran polymer enables rapid and direct response of SWNT to NO[25].
Recently, single-molecule adsorption on the SWNT sidewall has been resolved through
quenching of excitons [26-31], enabling a new generation of optical sensors capable of
the ultimate detection limit: single molecules. The recorded fluorescence modulation,
supplemented with proper calibration, provides a means for evaluating the concentration
of the quencher molecule, even at low concentrations[24, 25, 29, 30]. Furthermore,
compared with small molecule fluorescent probes, non-diffusive SWNTs allow otherwise
impossible quantification of molecules with precise spatial resolution at the nanometer
scale. This type of platform has recently demonstrated its capability of studying reactive
oxygen species signaling at the single cell level[30].

Here we report the first fluorescence-based SWNT sensing array made of single-
stranded d(AT);s DNA oligonucleotide-wrapped SWNT (AT;5-SWCNT). This 30-base
oligomer imparts SWNT with the capability of directly, and selectively, quantifying NO
concentrations. We find that the AT;s-SWNT complex is unique in its high selectivity
toward NO when compared with a library of other DNA sequences and polymers. Each
single AT;5-SWNT on the array exhibits an intense fluorescence signal at near-infrared
wavelengths (900-1400 nm), and records the dynamics of single molecule NO adsorption
and desorption on the SWNT through a quantized change in intensity. We develop a
generic algorithm based on a birth-and-death Markov process to determine the local NO

concentration from each SWNT on the array. While we find the experimental, ensemble
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detection limit for NO to be 300 nM for the entire array, the ability to detect NO
generation locally with nanometer precision enables new enzymatic and cellular assays.
This analysis is a significant improvement over approaches reported previously[29] in
that information from a single fluorescence intensity trace (a single sensor) can inform

the local concentration of the analyte.

2.2 Materials and Experiments
2.2.1 DNA Oligonucleotide, Polymer Nanotube Suspension

SWNTs were suspended with both d(AT);s and d(GT);s oligonucleotides using
methods similar to the one published previously[22]. Briefly, HIPCO SWNTSs purchased
from Unidym were suspended with a 30-base (dAdT) or (dGdT) sequence of ssDNA
(Integrated DNA Technologies) in a 2:1 SWNT:DNA mass ratio in 0.1 M NaCl in
distilled water. Samples were sonicated with a 3 mm probe tip (Cole-parmer) for 10
minutes at a power of 10 watts, followed by benchtop centrifugation for 180 minutes
(Eppendorf Centrifuge 5415D) at 16,100 RCF. Afterwards, the supernatant was collected
and the pellet discarded.

For suspension with other polymer materials, SWNTs were first suspended in a 2 wt %
sodium cholate (SC) aqueous solution using previously published methods[19, 24].
Briefly, 1 mg/ml Unidym SWNTs were added to 40 ml 2 wt % SC in NanoPure H,O and
were sonicated with a 6 mm probe tip at 40 % amplitude (~12W) for 1 hr in an ice bath.
The resulting dark black solution was ultracentrifuged in a SW32 Ti rotor (Beckman
Coulter) at 153,700 RCF (max) for 4 hrs to remove unsuspended SWNT aggregates and

catalyst particles. The desired polymer for SWNT suspension was then dissolved, at 1
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wt %, in the SC-SWNT and the mixture was placed in a 12 — 14 kD MWCO dialysis bag
and dialyzed against 21 of 1x Tris buffer (20 mM, pH 7.3) for 24 hours to remove free SC
and allow the polymer to self-assemble on the nanotube surface. The dialysis buffer was
changed after 4 hrs to ensure SC removal. The resulting suspensions were clear to the

eye and were free of SWNT aggregates, indicating successful suspension[100].

2.2.2 NO Solution

NO solution is obtained using a method similar to the one reported previously[25].
Briefly, 3 ml of phosphate buffer saline (PBS, 1x) was contained in a 5 ml round bottom
flask and sealed with a septum with two needles inserted providing an inlet and an outlet
respectively. After Argon gas (Airgas) was purged for 2 hours to remove dissolved
oxygen in the buffer, nitric oxide gas (99.99%, Electronicfluorocarbons) was introduced
for 20 min at an outlet pressure of 2 psi. The concentration of NO was measured using
horseradish peroxidase assay[81, 101]. Series dilution of NO solution was achieved by
mixing concentrated NO solution with PBS buffer (Argon pre-purged for 2 hours) in a
pear-shaped flask (Argon pre-purged for 20 minutes). The syringe apparatus was purged

with Argon before usage.

2.2.3 Atomic Force Microscopy (AFM) Imaging

In this work, two different types of surface were used for AFM imaging for different
purposes. In order to verify that SWNT suspension yields individual SWNT and to
estimate the height of the wrapping on the SWNT surface, AT;5-SWNT was deposited on
an oxygen plasma pre-wetted silicon dioxide surface. In this case, free DNA was

removed from AT;s-SWNT suspension using spin column (Microspin™S-400HR
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columns, GE Healthcare), and the suspension was diluted to 7.5 mg/l concentration
measured using UV-Vis-NIR scanning spectrophotometer (UV-3101 PC Shimadzu). The
concentration of SWNT was determined using absorbance at 632 nm with B = 0.036
(mg/)'em™. Oxygen plasma (Harrick Plasma) was applied to enhance the hydrophilicity
of the silicon dioxide surface, assisting DNA-SWNT adsorption on the surface. The
sample was then spin-coated to the silicon dioxide surface (Laurell Technology
Corporation, model WS-650MZ-23NPP/LITE) for 1 min with ramp speed of 500 RPM

and final speed of 2500 RPM. The resultant AFM images are shown in Figure 2.1 and
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Figure 2.1 Atomic Force Microscopy (AFM) image of AT;s-SWNT, along with section and
height analysis. (a-b) Typical AFM (tapping mode) images (height, a; phase, b) of AT;s-SWNT
deposited on an oxygen plasma pre-wetted, silicon dioxide surface. (c-e) Height profile of the
AT;s-SWNT along the length of the nanotube with arrows in the original AFM image (a)
indicating the direction of the profiling (black arrow, ¢; blue arrow, d). The bands reach about
0.5 - 1 nm from the surface of the SWNT. (e) Height profile from left to right along the dotted
red line in image (a).

Figure 2.2.

28



Molecular Recognition Using Nanotube-Adsorbed Polymer Complexes Jingqing Zhang
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Figure 2.2 More typical AFM (tapping mode) images of ATIS—SWNT deposited on the

oxygen plasma pre-wetted silicon dioxide surface. (a) Height (left) and phase (right) image of
another scanning position on the same sample with scan size of 2 um. (b) Height (left) and phase
(right) image of the SWNT indicated by the red arrow in b) with scan size of 0.5 um.

In order to verify that SWNT is individually deposited on a solid substrate, AFM
images (Figure 2.3) were taken with SWNT samples that were deposited on silicon
dioxide surface pre-treated with 3-aminopropyltriethoxysilane (APTES). For sample
preparation, the same procedure was used as in the sample required for fluorescence

detection, except that the silicon dioxide surface was used for depositing instead of the
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glass slide, in order to obtain a smoother surface for AFM imaging. All the AFM images

were taken using Asylum Tapping/AC mode soft tips (AC240TS).
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Figure 2.3 Height (a) and phase (b) AFM images (tapping mode) of AT, sSWNT deposited

on APTES pre-treated silicon dioxide surface. White dots indicated by red arrows were insoluble
APTES from the sample.

2.2.4 Measurement of SWNT Photoluminescence (PL); Setup for High
Throughput Screening Assay

All polymer wrapped SWNT solutions were diluted to a final SWNT concentration of
2 mg/l. The following analytes were initially dissolved in DMSO, including ATP, cAMP,
creatinine, D-aspartic acid, glycine, L-citrulline, L-histidine, quinine and sodium pyruvate;
all other analytes dissolved in 1x Tris. Analyte solutions were added to the SWNT, such
that the final DMSO concentration was 1 vol %, the mixture was incubated for 1 hr and
the resulting SWNT PL was measured with a home-built near infrared (nIR) fluorescence
microscope.  Fluorescence measurement upon exposure NO was measured using
previously published methods[25]. The high-throughput screening setup is shown in
Figure 2.4. Briefly, a Zeiss AxioVision inverted microscope was coupled to a Princeton

Instruments InGaAs OMA V array detector through a PI Acton SP2500 spectrometer.
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Sample excitation was from a 785 nm photodiode laser, 450 mW at the source and 150

mW at the sample.
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Figure 2.4 Setup for high throughput screening assay and data analysis. Polymer and DNA
oligonucleotides of various sequences were used to suspend SWNTs and screened against a
custom-designed analyte tray with 36 biologically relevant common molecules. SWNT PL was
measured using a home-built near-infrared fluorescence microscope, excited at 785 nm.
Fluorescence peak center and intensity of each nanotube species were obtained through spectral
deconvolution.

2.2.5 Deconvolution of SWNT Photoluminescence Spectra

The fluorescence spectra were fitted using a sum of N = 9 Lorentzian lineshapes (8
nanotube peaks and 1 G-prime peak). The fluorescence intensity at any energy, E, is a
sum over the contributions of all the species present in solution:

| 1(5):2& L

=27 (E-E,,) +T?/4

The parameters to be estimated for the Lorentzian profile of the i™ entity have been

outlined below.
C; — area under the peak
I'; — full width at half maximum (FWHM, meV)
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Ey; — peak center in terms of energy (meV)

Initial guesses for the peak areas were calculated from the control spectrum. The area
under the i peak was expressed as a fraction of the total area under the spectrum. This
fraction was determined from the intensity of the investigated peak. The initial guesses
for the FWHM of different nanotubes were obtained either from 2D excitation-emission
profile similar to reported[10] or scaled according to their diameters[102] to ensure a
good fit. The FWHM and peak center for the G-prime peak were kept constant (11 meV
and 1258.72 meV respectively) and only its peak area was floated. In all, 31 parameters
were used to fit a single fluorescence spectrum. Each I'; (Ep;) was constrained within a 10
meV (50 meV) window to maintain the physical validity of the fit. For responses such
that the degree of quenching is over 50% the shifting response is set to zero due to the
difficulty in distinguishing between actual shifting and relative intensity change of
different species.

2.2.6 Screening of AT;5-SWNT against Other 9 Reactive Oxygen and
Nitrogen species
Sodium peroxynitrite and Angeli's salt was purchased from Cayman Chemical, and

other chemicals in this experiment was purchased from Sigma. Stock solution of NO,,

NOs’, H,0, and CIO" were prepared by dissolving them in water at 6 mM; ONOO— and

Angeli's salt were first dissolved at 6 mM in solutions of 0.3 M of NaOH and 0.01 M

NaOH respectively. Oz-was prepared following procedure in the literature. [103] Briefly,
an excess amount of KO2 was added to DMSO, and the mixture was vortexed followed

by centrifugation to remove the pellet. The resultant supernatant yields a stock solution
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of 3.6 mM 02-. Analyte solutions were added to the SWNT (2 mg/l in 50 mM PBS, pH =

7,.4), such that the final concentration was 60 pM. The response was monitored for 10
min after addition. Hydroxyl radical was generated using Fenton's reaction, where H,0,
and FeSO4 (60/0.6, 300/3 and 1000/10 uM as final concentration) were added into the
SWNT solution, and the reaction was monitored for 10 min and after 12 hours after
addition of the reagents. Rose bengal was used to generate singlet oxygen using a similar
procedure as described previously[30, 104]. Briefly, the solution of AT;5-SWNT (2 mg/l)
was exposed to 60 pM of rose bengal, and excited at 560 nm to generate singlet oxygen.
The SWNT fluorescence response was recorded by quickly switching the excitation
source at the end of every minute to a 785 nm laser (same as described in Section 2.4) for
3 seconds. Repeating this cycle, the response was monitored for 10 minutes, at the end
which, the 560 nm-excitation source was turned off, and three additional spectra excited

using 785 nm were taken every minute.

2.2.7 Microscopy and Data Collection for Single Molecule NO Detection

AT;5-SWNTs were deposited onto a petri dish pre-treated with APTES (Figure 2.5)
substrate, and three times of washing removed suspended SWNT as well as free DNA in
the sample. The electrostatic interaction between AT;s-SWNT and APTES is enough to
keep the construct stai)le at physiological pH. The microscopy technique is similar to
that reported in the literature[29] (Figure 2.5). Briefly, samples were excited by a 658 nm
laser (LDM-OPT-A6-13, Newport Corp) at 33.8 mW. The fluorescence of AT;5-SWNT
was imaged and monitored in real time through a 100x TIRF objective for hours using an

inverted microscope (Carl Zeiss, Axiovert 200), with a 2D InGaAs array (Princeton
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Instruments OMA 2D) attached. Movies were acquired at 0.2 s/frame using the WinSpec
data acquisition program (Princeton Instruments). Before the actual experiment, a
control movie (same movie length as the experiment movie) was taken to ensure a stable
baseline. In the experiment, nitric oxide in PBS (1x, pH 7.4) buffer was injected through

a fine hole, allowing minimal exposure to air.

Petri dish @

Glass slide

Nitric oxide

AT, - SWNT
785 nm laser beam f 15

Emission from SWNT

\ it
100 X objective J j

Near-infrared
array detector

3-aminopropyltriethoxysilane
(APTES)

Glass slide

Figure 2.5 Fluorescence-based SWNT array capable of detecting NO. (a) Schematic of the
microscope setup. A 658 nm laser beam (red) excites at the SWNT array deposited on the glass-
bottomed petri dish. The emission light (yellow) is collected by a near-infrared array detector
through a 100x TIRF objective mounted on a inverted microscope. (b) Schematic of the SWNT
array: individual AT -SWNT complexes are deposited on the petri dish, which is pre-treated by

3-aminopropyltriethoxysilane (APTES), through electrostatic interaction. (¢) A representative
near-infrared fluorescence image of the individual AT -SWNT deposited on the glass bottomed

petri dish. The inset shows a near-infrared fluorescence image of a 2x2 pixel, diffraction-limited
spot representing the fluorescence of an individual SWNT on the glass slide. The laser power at
the sample is 33.8 mW.

2.3 Results and Discussions

2.3.1 Nitric Oxide Selective PL. Quenching of d(AT);s DNA-wrapped SWNT

Individual suspension of SWNT encapsulated in d(AT);s DNA (AT;s-SWNT) is
confirmed by AFM (Figure 2.1 and 2.2). As depicted in the molecular model of Figure
2.6a and 2.6b, it is generally accepted that the nucleobases of the DNA stack on the
sidewall of the SWNT, while the sugar-phosphate backbone extends away from the
surface. This is consistent with both experimental evidence including AFM[105, 106]

and optical absorption data[107], as well as molecular dynamics simulations[6, 108-111]
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reported to date. Through 7—7 stacking of the bases on the sidewall of the SWNT, the
phosphate backbone of the DNA is exposed to water, allowing SWNT to remain

colloidally stable.

b _ Figure 2.6 The optical
Nitric oxide response of d(AT);s DNA
oligonucleotide ~ wrapped
SWNT (AT s-SWNT)
upon exposure to NO. (a)
and (b) Front and side
schematic views of one of
. the  several  binding
12000 _ﬁﬁliiﬁfm E‘ structures of AT;s-SWNT
— Spectral Deconvolution simulated from a
' HyperChem  simulation
package. Bases of the
DNA stack on the
sidewall of the SWNT,
and the sugar-phosphate
backbone extends away
= from the surface. (c) The
930 980 1630 1080 1130 1180 1230 nlR fluorescence
Wavelenath (nm) spectrum (solid green) of
14000 ) — —  AT;s-SWNT recorded-
| ——AT15-SWNT Only . A &
12000 | —AT15-SWNT plus Nitic Oxide IEI with a 50x objective upon
| 785 nm laser excitation
(150 mW at the sample).
The spectral
deconvolution reveals 7
nanotube species and a
Raman peak (solid black),
with the sum of these
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Complete quenching

(solid blue) of AT,;s-SWNT fluorescence is observed when the SWNT sample is exposed to NO
(60 uM, in 1x PBS).

We utilized a custom-designed near-infrared SWNT fluorescence imaging

microscope and spectrometer to characterize emission (Figure 2.4). Upon 785 nm laser
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excitation, near-infrared (nIR) emission of AT;5-SWNT can be captured by a 1D InGaAs
spectrometer (Figure 2.6c,d). In order to determine the SWNT species present in the
SWNT suspension, a 2D excitation-emission profile was taken as described
previously[10] (Figure 2.7). By using this plot to identify the emission peak center of
each SWNT species, the corresponding 1D fluorescence spectrum can be deconvoluted
into individual species contributions (Figure 2.6c).

Figure 2.7 Contour
plot of fluorescence

intensity versus excitation

and emission wavelengths
for  ATI15-SWNT  and
nanotube assignment.

800

700
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600

500

950 1000 1050 1100 1150 1200 1250

Emission (nm)
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Table 2.1 Concentration of analytes listed in the high-throughput screening assay.
Analyte Concentration | Analyte Concentration
mM mM
17-a-Estradiol 0.10 L-Ascorbic acid 0.50
2,4-Dinitrophenol 0.48 L-Citrulline 0.11
Acetylcholine chloride 0.54 L-Histidine 0.10
a-Tocopherol 0.51 L-Thyroxine 0.10
Adenosine 0.51 Melatonin 0.49
ATP 0.11 NADH 0.51
cAMP 0.10 Nitric oxide 0.06
Creatinine ' 0.10 Quinine 0.01
Cytidine 0.48 Riboflavin 0.10
D-Aspartic acid 0.02 Salicylic acid 0.49
D-Fructose 10.80 Serotonin 0.11
D-Galactose ~ 5.00 Sodium azide 0.51
D-Glucose 10.90 Sodium pyruvate 0.50
D-Mannose 10.30 Sucrose 0.10
Dopamine 0.49 Thymidine 0.52
Glycine 0.50 Tryptophan 0.25
Guanosine 0.51 Tyramine 0.49
Histamine 0.51 Urea 0.49

We find that the DNA sequence in AT;s-SWNT is unique in its ability to allow
selective quenching from primarily NO when compared with a large panel of potentially
interfering species. Upon exposure to nitric oxide (60 uM, in 1x PBS), the fluorescence
of all observed SWNT species is completely quenched (Figure 2.6d). We designed an
automated, high-throughput screening assay whereby fluorescence modulation of DNA
oligonucleotides, peptides, and other synthesized polymer-encapsulated SWNT is
monitored upon exposure to 36 biological molecules (Table 2.1). These molecules serve
to fingerprint and probe differences in the response of distinct polymer-SWNT
complexes. We conclude from this screening that NO exclusively quenches this complex,
with essentially no response from other analyte species in the library (Figure 2.8). This is
in marked contrast to what is seen for an electrostatically neutral polymer, polyvinyl
alcohol (PVA-SWNT), whose fluorescence is not affected by NO (Figure 2.8d). Note
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that this is in spite of the fact that concentrations of the majority of library species (~500
uM) are higher than that of NO (60 uM) in the screening, while others are constrained by
their solubility. Removing free DNA from the SWCNT suspension has little effect on the
selectivity (Figure 2.9). We conclude that the wrapping polymer is responsible for the
observed selectivity. For instance, d(GT);s differs from d(AT);s by a replacement of one
base type, but its response is very different, with quenching from dopamine, histamine, L-
ascorbic acid, melatonin, NADH and riboflavin (Figure 2.8b). Other d(AT);s variants
including d(AAAAT)s, d(AAATT)s, d(AAT)1o, d(ATT)19, d(AAAT);, d(AATTT)s,
d(AATT); show response profiles similar to d(AAT);o (Figure 2.8c), where additional
molecules besides NO also greatly modulate SWNT fluorescence. Fluorescence spectra
of SWNT suspended in those DNA strands are shown in Figure 2.10. Of all AT variants
studied, ATs-SWCNT appears to be the only DNA-SWCNT complex that shows a
selective response toward NO over riboflavin (Figure 2.8e). In fact, such a selective
response of SWNT imparted by an adsorbed DNA molecule has been reported previously.
For instance, it has been shown that certain DNA sequences attached to SWNT can
recognize specific odor molecules through a change in electronic resistance[112-114].
Moreover, while PVA-SWNT shows a quenching response to dopamine, similar to a
typical DNA response profile, its fluorescence is enhanced when exposed to reducing
agents including NADH, L-ascorbic acid and melatonin, which is in contrast to the DNA-

SWNT response profile.
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Figure 2.8
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Figure 2.9 Comparison of selectivity of AT, -SWNT containing and without free DNA. Bar
charts represent the percentage of quenching (1-I/I)) of the (7,5) nanotube species when wrapped
in: AT;5s-SWCNT containing free DNA (b), AT s-SWCNT without free DNA (c) and AATlo'

SWCNT (c) upon exposure to the 36 analytes. Red boxes highlight the responses of the polymer-
SWNT complexes to dopamine, riboflavin and NO.
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Figure 2.10  Fluorescence intensity comparison among SWNT (2mg/l) suspended in 8 DNA
sequences. Laser power is 150 mW at the sample.

We attribute the selectivity of d(AT);s-SWCNT to potentially three distinct
components: redox selectivity, non-radiative energy loss, and steric hindrance.
Addressing the first, we note that most of the responses shown in Figure 2.8 are the
results of interaction between redox-active molecules and polymer-SWCNT complexes.
For instance, the LUMO levels of NO (-0.5 V)[115] and riboflavin (-0.318 V)[116] are
close to the conduction bands of the SWNT species utilized in this work[117]. Therefore,
it is plausible that they cause fluorescence decrease through excited-state electron
quenching[17]. Moreover, the fluorescence enhancements caused by reducing agents
including NADH, L-ascorbic acid and melatonin on DNA-SWCNT are likely because
NADH reduces the DNA wrapping whose LUMO band is below the Fermi level of
semiconducting SWNTs[118], resulting in a recovery of photoluminescence that is pre-
quenched by DNA[17]. More specifically, HOMO electrons of NADH can compete with

SWNT excited state electrons for the vacancies at the LUMO level of DNA, inhibiting
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SWNT excitons from quenching (Figure 2.11a). We also noticed that DNA-SWCNT
fluorescence enhancement after NADH addition is weakened as the energy gap between
conduction band of SWNT and LUMO of DNA molecule decreases, or generally as the
diameter of the SWNT increases (Figure 2.11e), supporting the fluorescence enhancing
mechanism we proposed. In contrast, the mechanism of PVA-SWNT fluorescence
quenching caused by reducing agents has not been extensively studied, although others
have reported similar observations[119]. We hypothesize that NADH and other reducing
agents donate electrons directly to the conduction bands of PVA-SWNT, and extra
electrons in the conduction bands can then quench excitons through a non-radiative
Auger recombination[120, 121] (Figure 2.11b). An attempt to assign the absolute values
of oxidation potential measured of NADH (0.282 V)[122], melatonin (0.95 V)[123] and
L-ascorbic acid (0.74 V)[124] in the SWNT potential scale[16, 119, 125, 126] results in
the potential levels of those molecules lying below the conduction bands and above the
valence bands of SWNT, and we therefore expect to see an increase in electron density in
the SWNT valence bands upon addition of those analytes. However, upon exposure to
the analytes, experimentally measured absorption spectra of both PVA-SWCNT and
DNA-SWCNT remain invariant (Figure 2.12). This inconsistency may reflect the fact
that reported oxidation potentials are measured through voltammetry where complete
electron transfer and the formation of new adducts are involved, whereas electron transfer
between SWCNT and the cited molecules appears reversible, suggesting a weaker,
electron-sharing mechanism between the SWCNT surface and the adsorbates. Hence, we

only considered the relative oxidation potentials of those molecules, and constructed a
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potential plot that summarizes redox level of the SWNT, encapsulating polymer, and the
interfering molecules (Figure 2.11c).

Redox potentials cannot alone account for selectivity, however. Counter-intuitively,
dopamine appears to quench all polymer-SWNT complexes except AT;s-SWNT,
although its HOMO level is between NADH and L-ascorbic acid. We consider that
dopamine may behave as a defect site on the SWNT, which form an non-radiative energy
'sink' of excitons, causing fluorescence quenching[127]. Because the size of dopamine
(Figure 2.11d) is small compared to the anticipated gaps in the DNA adsorbed phase, and
the aromatic ring structure can 7- m stack on the SWNT surface, this hypothesis is
plausible. A polymer that prohibits direct adsorption of dopamine to the SWNT surface,

for example, can eliminate this response.
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Figure 2.11  Tlustration of the contribution of redox interactions to the selectivity of the
polymer-SWNT complexes. (a) A plausible mechanism for SWNT fluorescence enhancement.
In this process, polymers adsorbed on the SWNT surface initially act as exciton quenchers, since
excited electrons decay to the LUMO level of the polymer wrapping. When NADH is added to
the solution, it donates electrons to the polymer LUMO level, thereby preventing exciton decay.
This results in a subsequent enhancement of the SWNT photoluminescence. (b) A plausible
quenching mechanism. NADH and other reducing agents donate electrons directly to the
conduction bands of polymer-SWNT, and extra electrons in the conduction bands quench
excitons through a non-radiative Auger recombination. (c) Potential levels of SWNT, wrapping
polymers, and redox-active molecules. Potentials of SWNT conduction and valence bands are
obtained from reference [16, 119, 125, 126], and DNA doping levels are estimated from reference
[118]. The HOMO levels of NADH, dopamine, l-ascorbic acid are plotted relative to the
potential of the SWNT. (d) Molecular structure of riboflavin and dopamine. (e) Relative
intensity (I/I0) of GT15-SWNT exposed to NADH compared to the control where no analytes
were added, as a function of SWNT species.
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Figure 2.12 Absorption spectra of AT;s, GT;s, AAT,o and PVA suspended SNWT upon 1
hour exposure to NADH, L-ascorbic acid, dopamine, and riboflavin. Concentration of SWNT is
maintained at 2 mg/l in the buffer. Noise at 380 nm results from fast scanning which is the only
solution in order to synchronize all measurements after 1 hour exposing the SWNT solution to the
analytes. Absorption of dopamine, riboflavin and NADH at low wavelength cause the sloping
base line at 400-500 nm (riboflavin and NADH) and 400 - 800 nm (dopamine).

All redox related responses discussed above appear to be attenuated in the case of
ATs-SWNT. We suspect that the sequence adopts a conformation on the nanotube
surface that results in steric exclusion of most analytes except nitric oxide. This can be
the case if d(AT);s forms closely spaced bands along the circumference of the tube,
thereby blocking the adsorption of molecules greater in size than NO. Sequence-
dependent variability in DNA adsorption configuration is not unusual, and is likely to be
one of the factors involved in utilizing DNA sequences to separate carbon nanotube by
chirality[7, 105]. In our work, AFM micrographs of AT;s-SWNT (Figure 2.1) suggest
AT;swraps SWNT uniformly with heights between 0.5-1 nm above the surface of SWNT,
although we were unable to resolve regular helical patterns that have been observed
previously for other sequences[105, 106]. Currently, we are not able to prove directly
that d(AT);s forms more closely spaced bands on SWNT compared to other AT variants
or DNA sequences. However, the concept of a sequence or structure induced steric
selectivity is also indirectly supported by the fact that AT;s-SWNT and PVA-SWNT
show deviations from the typical quenching pattern observed with other sequences. In
particular, dopamine and riboflavin fail to cause quenching in the cases of AT{5-SWNT
and PVA-SWNT, respectively. The relative sizes of these molecules (approximately
9x9x3 A for dopamine and 10x12x4 A for riboflavin, Figure 2.11d) mean that a void in

the adsorbed phase of at least 1 nm needs to form in order to have direct energy transfer
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from the SWNT to the molecule. The unadsorbed portion of the wrapping molecule then
interacts with the adsorbed phase creating the binding site, and both of these factors can
allow for steric selectivity.

The case of NO adsorption on PVA-SWNT is unusual. Because of its small size, NO
tends to quench nearly every complex we have tested to date. However, for PVA-SWNT,
there is no response. It is possible that NO reacts directly with the PVA itself, via
exposed hydroxyl groups, for example. However, this would not itself explain the lack of
response, since quenching would be apparent as soon as these sites were saturated.
Another possibility may involve a subsequent pore blocking due to the formation of
organo-nitrite after reaction with NO[128]. This potential mechanism is a topic for future
work. Regardless of mechanism, the obvious selectivity demonstrated in this case, and
the above examples, clearly indicate that the polymer adsorbed phase on SWNT strongly
influences the apparent selectivity of the complex, and this has significant implications
for all sensor applications of carbon nanotubes.

2.3.2 Selectivity of AT s-SWNT Against Other Reactive Oxygen and
Nitrogen species
To examine the biological relevance of this platform, the responses of AT;s-SWNT

were screened against nine reactive oxygen (ROS) and nitrogen species (RNS). Once

exposed to 60 pM of each analyte, the SWNT show little or no response to NOZ_, NO3_,

HNO, H202, OH:(hydroxyl radical), 02_ (superoxide), and ClOA, but quenching to

peroxynitrite (ONOQ") and singlet oxygen ('0,) (Figure 2.13). However, interference

from peroxynitrite and singlet oxygen with the sensor is expected to be minimal, if any,
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for the applications that we wish to pursue. The reported half-life of NO in a biological
system is in the order of seconds [129, 130], and the main contribution of its short-lived
lifetime is its reactivity with haemoglobin. While 0.5 pM NO in aqueous solution has a
half-life of 10-15 sec when equilibrated with room air[131], at a much lower
concentration (0.01 - 1 pM, biologically relevant concentration), its half-life is much
longer (500 sec)[132]. In contrast, the lifetime of singlet oxygen in water without any
interference is only 4 ps [133-135], which is over 1000 times shorter-lived than NO. In
our single-molecule detection scheme, the transitions are recorded at 0.2 sec/frame.

Adsorbed singlet oxygens, if any, are more likely to be decomposed before the quenching

& o & o \s“\‘? o

P A A A
Figure 2.13  Fluorescence response of AT;s-SWNT to a panel of reactive oxygen and nitrogen
species. (a) Fluorescence intensity (I/Ip, intensity/initial intensity) of (7,5) species of AT s-SWNT
measured 10 minutes after addition of 60 uM of each analyte. SWNT is at 2 mg/l in PBS (pH =
7.4, 50 mM). (b) ATs-SWNT response to hydroxyl radical. Fluorescence intensity (I/Iy,
intensity/initial intensity) of (7,5) species of AT;5-SWNT measured 10 minutes and 12 hours after
addition of H,O»/FeSO4 (Concentration of each reaagent is indicated in the x-axis). SWNT is at 2

mg/1 in PBS (50 mM).

transition is recorded.
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Peroxynitrite self-decomposes at physiological pH, with a half-life of 2 sec [136]. In

the presence of dissolved CO,, the half-life is significantly decreased [137, 138]. In
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addition to its shorter life time compared to NO, our sensor exhibits a much more
sensitive response to NO than to peroxynitrite. The response time for NO is t;2 = 1.1 sec,
but 28 sec to peroxynitrite (Figure 2.14), which is also much longer than the half-life of
peroxynitrite. Therefore, it is highly unlikely that a trace amount of peroxynitrite in a

| biological system would interfere with NO detection.

Figure 2.14
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2.3.3 Arrays of SWNT Reporting Single Molecule Adsorption of NO

A NO sensing SWNT array was realized by depositing individual AT;s-SWNT on
APTES-treated, glass-bottomed, petri dish through electrostatic interactions (Figure 2.5).
This tethering appears to enhance the efficiency of SWNT deposition, and also keeps the
complex immobilized on the glass slide during multiple rinsing steps. Upon 658 nm laser
excitation, the SWNT on the array emits stable near-infrared light, which is collected in
real-time by a near-infrared two-dimensional array detector at a frame rate of 0.2 s/frame.

In the fluorescence image (Figure 2.5c), each individual AT;s-SWNT is shown as a
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diffraction-limited fluorescent spot of approximately 2x2 pixel size, with each pixel
representing an area of 290x290 nm”. The AFM micrographs (Figure 2.3) confirm that
AT;s-SWNT is individually deposited on the substrate. Once the array is exposed to NO,
stepwise photoluminescence quenching of each SWNT in the array is observed over time
(Figure 2.15, red). In order to obtain meaningful results, the dark current is first obtained
by averaging the camera signal over a 20x20 pixel area that does not contain SWNT, and
then subtracting it from each trace. Mechanistically, as the NO adsorbs on the accessible
area of the SWNT, excitons that form within the exciton excursion radius of the NO
adsorption site (one exciton diffusion length) are quenched. Therefore, even sparse
adsorption of NO on the SWNT causes a stepwise decrease in the SWNT fluorescence.
We have reported similar observations for Hy0,[29, 30] and Fe(CN)63' [29], while others
have investigated H" [26], and diazonium salts[26-28]. Each observed quenching step
reports a single molecule NO adsorption event, and each fluorescence enhancing step
reflects a single desorption event. Consider a single SWNT being divided into N

segments, each of which is approximately the size of the exciton-diffusion length [26-28].

At any instance, we have the reaction,

N0+9#9* (1)

where k, and k; are defined as the single-site adsorption and desorption rates of NO

on SWNT respectively. & and 6* refer to empty and NO-occupied sites, respectively.
Mass action of reaction (1) reveals:

do
0 ~(k,[NO])@+k,(6%) )

0+6*=N
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where N is the total number of sites on the SWNT. At the NO concentration range

we are testing, it is valid to assume that NO adsorption on the SWNT does not change its
bulk concentration, therefore, ka and [NO]can be grouped into one variable, k,, and it

satisfies,

k, =k, [NO] (3)
Although both ¢’ and k, will affect the fluorescence response, we are more interested
in £, because it provides a direct measure of NO concentration. The concentration of

NO determines both the degree of quenching of the fluorescence over the observation
time, as well as the rate. The representative traces in Figure 2.15d indicate that within
600 s, around 40%, 60%, 100% and 100% of quenching were observed at steady state
when the sensor was exposed to 0.16 uM, 0.78 uM, 3.9 uM, and 19.4 uM of NO,
respectively. In addition, 100% quenching of the SWNT occurs much faster in the case
of 25 uM exposure than that of the 5 uM exposure, as expected. Moreover, only at low

concentration were desorption steps even observed which indicates that k. becomes

diminished as concentration of NO decreases, as expected from equations (2) and (3).
These observations motivate the adoption of a generic analysis capable of extracting the

local NO concentration directly from the transient quenching response.
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2.3.4 Stochastic Analysis Using the Maximum Likelihood Estimation (MLE)
for a Birth-and-Death Process

Previously, we investigated H,O, as a quenching molecule over a film of collagen-
wrapped SWNT with an observation time of 3000s[29]. Briefly, we first used Hidden
Markov Modeling (HMM)[29, 139] to distinguish actual stepwise transitions from noise
in the fluorescence time-traces. Then, we converted transitions from all the traces

(usually 100 traces) into an average transition probability matrix which can be used to
estimate x and k,. One limitation of this method is that it requires sufficient transitions
between two adjacent intensity states to obtain an accurate transition matrix. As a

consequence, HMM usually requires a relatively large number of transitions to provide

accurate parameter estimates. For example, in Figure 2.15¢ and 2.15d we observe that
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only one transition occurs between two adjacent states during our observation time of
600s, and computing a transition probability matrix through each trace would be
insufficient. For the same reason, over 100 traces were needed per film in order to
narrow the standard deviation in estimating the rate constant shown in our previous
work[29]. Our interest in using these arrays as nanoscale sensors motivates the
development of analysis methods that use as few resulting traces as necessary. This will
increase both the temporal and spatial resolution.

In order to determine NO concentration at each SWNT, we adapt a new stochastic

analysis method based on an alternative Markov model, the birth-and-death process,
which we show leads to better accuracy in determining k and k,. In a birth-and-death

Markov model, a population, X;, undergoes diminutions and additions over a period of
observation, ¢, similar to the fluorescence modulation observed for each nanotube in our
experiments. Again, suppose that a single SWNT can be divided into N segments, each
of which is in the size of the exciton-diffusion length. The fast moving excitons in a
single segment can be completely quenched once a single NO molecule adsorbs
anywhere on that segment. Therefore, a single SWNT can be simply visualized as a 1D
array that contains N reactive sites. In the view of the birth-and-death Markov process, a
single SWNT is a population with a maximum population size of N. The exact length of
exciton-diffusion does not affect the analysis. An adsorption event results in a
fluorescence decrease (quenching) and reduces the unoccupied site population by one. A
desorption event therefore is the reverse. How the population size changes over time is
of interest, because it directly relates to the observed fluorescence response in time. It is

clear that the population size at the next time interval (#+h) is affected by the current
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population size, X,, as well as the probability of adsorption or desorption occurring on
any individual in the population. Similarly, the number of empty sites on a single SWNT
in the next moment is dependent upon the current number of empty sites on the SWNT
combined with the single-site adsorption and desorption rates. This process can be
described using a typical state transition-rate diagram as shown in Figure 2.16, or
alternatively in a probability form (equation (4)), either of which is another representation

of the mass action equation (2).

(N =dk,h+o(h) (j=i+]l),
PX., = j|X =i)= 1.—‘(N—i)k(,h—ik”h+o(h) (J: - ;) @
ik, h+o(h) (f=i-1),
o(h) (otherwise).
Birth rate N (N-DA  (N-24 (N-G-pA (N-DA

N NCN YN

() Q) ¢ -~ () () (w) -

Dt rats A\ A WA A

lu 2u (=D i (+Du

ﬂ = kadsorption

A=k

— Population size = number of empty sites on the SWNT

Figure 2.16  State transition-rate diagram of the birth-and-death process. The numbers in the
circle indicate the states, or the population sizes of the birth-and-death process at any instant, ;
and in the case of single-molecule adsorption, these numbers also indicate the number of empty

sites on a single SWNT. Green arrows represent possible birth transitions between states with a
birth rate of (N —i)A for a population size of i, and red arrows represent possible death

transitions between states with a death rate of iy for the same population size.

More specifically, the probability of a desorption event (the number of empty sites
changes from i to i+ 1) occurring in the next small time interval is proportional (N —i)k, ,

and the probability of an adsorption event (the number of empty sites changes from i to i-

54



Molecular Recognition Using Nanotube-Adsorbed Polymer Complexes Jingqing Zhang

1) is proportional to ik.. Note thatk is proportional to the concentration of quencher;
while k,, which reflects the very nature of the interaction between NO molecule and
SWNT, is a constant. Therefore, an accurate estimation of k, provides a proper
calibration of the concentration of the quencher. This process mentioned above is not a
typical linear birth-and-death process that is well described in literature where both
and k, are proportional to population size, i. However, applying the theory of the
maximum likelihood estimation (MLE)[31, 140] to this process allows one to estimate
the only two process parameters k, and k; from the observation on the change of site
population in a single SWNT. Detailed derivation of the maximum likelihood estimator

is available in the Section 2.4. The MLE estimator for this process, 6, is a two

max
dimensional vector,

B

~ ~ oA D
6., =k ohyn) =, ———) (5
max ( a,M d,M) ( St N'l _ Sr ) ( )

where D, and B, are the number of deaths (adsorption) and births (desorption) in the
time interval [0, t], respectively. We use EaM and IEd,M to denote MLE estimator for k|
and k,. And B, + D, equals the total number of transition events. The parameter S, is
defined as J: X,du , which evaluates the total time lived by the population in the time

interval [0, t].
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Figure 2.17  Kinetic Monte Carlo (KMC) simulation of stochastic quenching on a single
SWNT, and the rate constant estimation obtained using the MLE of the birth-and-death Markov

process. (a) Representative KMC simulated traces with inputted adsorption rate constants (k;_r. )
1
of 0.0001 (a-i), 0.001 (a-ii), 0.01 (a-iii) and 0.1 (a-iv) s , and a desorption rate constant (kcu) of

-1
0.00001 s . The maximum number of states, N , used in the simulation is 10. Both simulation

time and observation time are 600 s. (b) Histogram of k;‘ w 1n alogjo scale corresponding to the

5 -1

four simulated conditions in (a). Rate constants smaller than 0.00001 s are included in the bin
-1

whose rate constant is 0.00001 s for better visualization. Each histogram is generated from 100

traces. k;'M of multiple traces is a S, -weighted average of k;!M from single traces. (c¢) The
k;'M value, evaluated from 100 traces, as a function of k;,; (square, S, -weighted average of

A

k;,‘ u + €rror bar, standard deviation of lgﬂ w from each trace). Linear fitting yields a slope of 1,

indicating a good agreement between the MLE estimated rates and the input rates.
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The birth-and-death model employed in this work was derived from the differential
equation (2), therefore it correctly reflects the chemistry of the underlying process;
whereas the HMM is just an approximation relying on several non-physical assumptions.
In addition, the time that the underlying process stays at each particular state before the
subsequent transition is a random variable whose distribution is obviously state-
dependent. While being neglected by HMM, this dependency is explicitly captured by the
birth-and-death process.

2.3.5 Validation of the stochastic analysis on Kinetic Monte Carlo (KMC)
simulation

The robustness of the stochastic analysis was tested through applying the birth-and-

death MLE method to KMC simulated time-traces using various sets of input rates
(denoted as k;’i and &, ), and different N values. An example simulates 100 traces at
four different values of k_, (0.0001, 0.001, 0.01 and 0.1 sec’') but the same i, of

0.00001 sec'l, with N = 10 and an observation time of 600 sec. These parameters were
chosen such that the simulation produces traces that behave similarly to experimental
observations in Figure 2.15, in order to provide guidance of the accuracy of this
stochastic analysis method in our experimental operating condition. As expected, even
for the same input rates and N, generated time-traces exhibit different degree or rate of

quenching due to the stochastic nature of the process (Figure 2.17a), resulting in a

distribution of lga , evaluated from each trace. The histogram of lga w » €valuated using

100 traces each with a 600 s observation time, is centered about k,; in each case (Figure
2.17b). For estimating lgaM from multiple traces, a S, -weighted average of IgaM is
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required (Supplementary Information). Plotting fga w against k;',. yields a slope of unity,
proving that EHM can indeed be used to calibrate &, , (Figure 2.17c). And even 10 traces
with an observation time of 600 s can well recover the true k,, with a less than 5%

deviation (Table 2.2). A more generalized comparison of IEGM , evaluated using various

N, numbers of traces and observation times, are summarized in Table 2.2, 2.3 and Figure

2.18,2.19.
Table 2.2 Effect of observation time and number of traces on k_,, estimation.
Number oftraces | 10 | 100 | 1000 | 10000
Obsenation time (s) 600 3000 30000 600 3000 30000 600 3000 30000 600 3000 30000

Kaji[s"]
1.000E-01 9.85E-02 | 9.84E-02 | 9.78E-02| 1.02E-01 | 9.94E-02 | 1.01E-01 | 1.00E-01 | 1.01E-01 | 9.90E-02| 1.00E-01 | 1.00E-01 | 1.00E-O1
1.000E-02 1.056-02 | 1.05E-02 | 9.82E-03| 1.05E-02 | 9.76E-03 | 1.08E-02 | 1.01E-02 [ 9.95E-03 | 1.01E-02| 9.98E-03 | 1.00E-02 | 1.00E-02
1.000E-03 9.78E-04 | 9.49E-04 | 1.02E-03| 1.04E-03 | 1.01E-03 | 1.08E-03 | 1.00E-03 | 9.96E-04 | 9.93E-04| 1.00E-03 | 1.00E-03 | 1.00E-03
1.000E-04 1.08E-04 [ 1.03E-04 | 9.48E-05| 1.0BE-04 | 9.64E-05 | 1.00E-04 | 1.04E-04 [ 1.01E-04 | 9.80E-05| 9.85E-05 | 1.01E-04 | 9.97E-05
Kai[s7]
1.000E-01 4.70E-02 | 360E-02 | 381E-02| 3.72E-02 | 356602 | 1.77E-02| 3.88E-02 | 3.71E-02 | 3.70E-02| 3.87E-02 | 3.83E-02 | 329E-02
1.000E-02 4.49E-03 | 3.85E-08 | 2652603 | 3.78E-03 | 368E-03 | 3.37E-03 | 4.08E-03 | 3.49E-03 | 3.51E-03 | 3.85E-03 | 3.90E-03 | 3.386-03
1.000E-03 3.06E-04 | 1.69E-04 | 238E-04 | 4.92E-04 | 345E-04 | 363E-04 | 5.71E-04 | 392E-04 | 340E-04 | 5226-04 | 391E-04 | 3.39E-04
1.000E-04 1.30E-04 | 5.18E-05 | 2.88E-05| 1.48E-04 | 575E-05 | 4.34E-05| 1.43E-04 | 6.74E-05 | 3.68E-05| 1.37E-04 | 6.76E-05 | 3.60E-05
kai [87]
1.000E-01 -1.46 -1.58 -2.25 208 .56 1.39 0.25 1.11 -0.&9 0.28 0.29 0.01
1.000E-02 4.57 516 -1.76 4.71 -2.41 267 0.68 -0.51 0.63 0.24 0.47 0.33
1.000E-03 -2.17 -5.12 202 3.69 1.07 3.34 0.30 -0.44 -0.67 0.29 0.19 0.09
1.000E-04 3.08 3.45 -5.21 3.30 -3.58 0.15 3.52 1.30 -2.00 -1.48 0.88 -0.29

** Four sets of input adsorption rates, k., for KMC simulated traces.

a,i?

t S, -weighted average EGM . Simulation is performed at ¢, . = 0.00001 s’ and N = 10.

t S, -weighted standard deviation of i;t\uM
Table 2.3 Effect of observation time and number of traces on éHM estimation. KMC
simulated traces are generated using N = 1000. 1000 traces were generated for each sets of input

rates, (k, k, ;) = (0.1, 0.00001), (0.01, 0.00001), (0.001, 0.00001), (0.0001, 0.00001). Units

a,i?
are in [s-l]. For each pair of input rates, the birth-and-death stochastic analysis method was then
used to extract an estimated value of j(;,M from every trace. This same analysis was performed
several times while varying observation time from 600, 3000 to 30000 s. In addition, we
examined how the S, -weighted average and standard deviation of lga’M vary when only a subset

of the total number of traces is used (number of traces = 1, 10, 100, 1000). These values are
summarized for each observation time and set of input rates.
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10
1.04E-01 9.92E-02 | 1.00E-01 1.01E-01 1.01E-01

1.000E-02 0.83E-03 | 1.01E-02 | 1.02£-02 | 9.85E-03 | 1.01E-02 | 1.02E-02 | 1.00E-02 | 1.00E-02 | 9.9BE-03 | 1.00E-02 | 1.00E-02 | 1.00E-02
1.000E-03 1.02E-03 | 9.97E-04 | 1.03E-03 | 9.83E-04 | 9.84E-04 | 1.01E-03 | 9.98E-04 | 1.00E-03 | 9.94E-04 | 1.00E-03 | 9.99E-04 | 1.00E-03
1,000E-04 9.64E-05 | 9.88E-05 | 1.00E-04 | 1.03E-04 | 0.97E-05 | 9.95E-05 | 9.95E-05 | 9.95E-05 | 1.00E-04 | 1.00E-04 | 1.00E-04 | 9.99E-05 |
k.,,[s"]

1.000E-01 0.00E+00 | 0.00E+00 ] 0.00E+00 | 3.50E-03 | 4.01E-03 | 3.66E-03 | 2.98E-03 | 3.28E-03 | 3.05E-03 | 2.99E-03 | 3.21E-03 | 2.74E-03
1.000E-02 0.00E+00 | 0.00E+00 | 0.00E+00 | 2.47E-04 | 3.8BE-04 | 2.03E-04 | 3.26E-04 | 3.17E-04 | 2.92E-04 | 3.20E-04 | 3.16E-04 | 2.72E-04
1.000E-03 0.00E+00 | 0.00E+00 | 0.00E+00 | 5.65E-05 | 3.30E-05 | 2.01E-05 | 5.07E-05 | 3.24E-05 | 2.94E-05 | 4.72E-05 | 3.25E-05 | 2.74E-05
1.000E-04 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.19E-05 | 6.85E-06 | 3.03E-06 | 1.30E-05 | 6.31E-06 | 3.12E-06 | 1.31E-05 | 6.22E-06 | 3.07E-06
kails']

1.000E-01 3.75 -1.66 -0.85 0.49 -0.15 0.66 0.26 0.56 0.20 0.02 0.10 -0.05
7.000E-02 .74 0.75 1.86 .46 1.44 1.60 0.31 0.33 0.16 0.03 ~0.01 0.02
1.000E-03 701 0.27 3.05 .72 .61 0.97 -0.21 0.06 0.58 0.08 0.1 0.09
1.000E-04 23.62 .20 0.05 2.80 0.31 0.47 0.54 0.52 0.40 0.18 0.16 0.10
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Figure 2.18  Effect of observation time and number of traces on estimation for KMC traces
(N =10). (a) An example to study the effect of observation time and number of traces on the

ka’M estimation. Histogram of fzaM estimated from 10 (a-i, a-iv), 100 (a-ii, a-v), 1000 (a-iii, a-

vi) KMC traces using 600 s (top) and 3000 s (bottom) as observation time. Input values are k;.,.

=001 s , k;, = 0.00001 s-], and N = 10. (b) The l:',uM and standard deviation of the

distribution as a function of ka of the KMC in a log-log;, scale, and fitted with a linear trend

1

with slope indicated in the figure (square, k;‘M of multiple traces; error bar, standard deviation).

Each panel represents the K

aM obtained with a different observation time (b-1, 600 s; b-ii, 3000
s).
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Figure 2.19  Effect of observation time and number of traces on estimation for KMC traces
(N =1000). (a) An example to study the effect of observation time and number of traces on the

ka u estimation. Histogram of ka » estimated from 10 (a-i, a-iv), 100 (a-ii, a-v), 1000 (a-iii, a-

vi) KMC traces using 600 s (top) and 3000 s (bottom) as observation time. Input values are ka".

1 y
=001 s , k;,, =0.00001s ,and N = 1000. (b) The k,,, and standard deviation of the

distribution as a function of k' ; of the KMC in a logo-logy scale, and fitted with a linear trend
with slope indicated in the figure (square, k .. Of multiple traces; error bar, standard deviation).

Each panel represents the k;,M value obtained with a different observation time (b-i, 600 s; b-ii,
3000 s).

While the parity between the obtained ;éa » and k_, reveals the accuracy of this MLE

method, the standard deviation of the distribution (or the width of the histogram) reflects
the stochastic nature of the process, whereby for the same set of inputs, simulated traces
always exhibit slightly different quenching rates. Similarly, in an actual experiment
where a small number of quenching molecules is added, each sensor produces slightly
different time-traces due to the probability distribution of the quencher molecule

adsorbed on each sensor, and we will also expect a distribution of the sensor responses.
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The standard deviation of the distribution decreases as the observation time increases,
which eventually approaches a lower limit that is due solely to stochasticism. Large sets

of simulation results suggest that the number of traces does not affect the standard

deviation of the distribution, and this lower limit is always about 30% of k,, (Table 2.2).

The speed in which the standard deviation of the distribution converges to its limiting

value is input rate-dependent. It turns out that for high k;’i 0.1 s, 0.01 s™), the

standard deviation easily reaches its lower bound even using 600 s observation of 10

traces; however, for low k;“. (0.0001 s'l), to reach this lower bound it requires an

increase of observation time (Table 2.2). This is because at low k_ ,, very few transitions

a,i?

occur within the first 600 s. Recording sufficient transitions within longer observation

A

time will allow us to obtain a more accurate k,, for each trace, resulting in a

a

distribution of k;’ y solely due to the stochastic nature. However, it is worth noting even

when there may not be sufficient transitions in a single trace, the k;,, w from just 10 traces
is still very accurate (within 5% error from the true value of k). This again shows the

advantage of the MLE model whereby only two parameters require estimation, Iga and

k,, and therefore not many transitions are needed to provide an accurate parameter

evaluation.

2.3.6 Calibration of the Sensor Platform by Exposing the SWNT Array to
Aqueous NO solution; Determination of the NO Adsorption Rate Constant

Calibration of the AT15-SWNT sensor array was carried out by exposing the array to
aqueous NO solution at different concentrations, ranging from 0.16 uM to 19.4 uM
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(Figure 2.15). A custom-written MATLAB program automatically selects 50 brightest
diffraction-limited spots with each representing a single SWNT, and extracts the
fluorescence intensity in time, resulting in a set of 50 time-traces each experiment. We
chose the brightest SWNTs to ensure they have fewer defects chemically and structurally
[26-28], and therefore are most sensitive to the changes in the environment. Each time-
trace is then subjected to another custom-written MATLAB routine based on a Chi-
squared error-minimizing step-finding algorithm described in reference[141] to
distinguish real transition events from noise (Figure 2.15d, black). The program results
in the same fitting steps compared to HMM-based step-finding algorithm ([29, 30, 139]),

but reduces the computational time by 90. [142] (Appendix A)
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Figure 2.20 Calibration of the AT -SWNT sensor array with NO solution. (a) Cumulative

histogram of r’%,M values obtained from each SWNT in the array upon exposure to NO at five
different concentrations (a-i, 0 uM; a-ii, 0.16 uM; a-iii, 0.78 uM; a-iv, 3.9 uM; a-v, 19.4 uM).

-1 Ay
Rate constants lower than 0.00001 s are grouped into the smallest bin. (b) The effective K, ,, , or

(k;' s —Kqpt ) s evaluated from 50 time-traces, as a function of NO concentration (square, S, -

weighted average of E;,M; error bar, S, -weighted standard deviation of k;“. from each trace).
The data is plotted on a log;g-logo scale for better visualization of low concentration data. Fitting
the data yields a slope of 1 (red dotted line), agreeing with equation (3), k;‘ =k [NO], with k, of

0.001s WM NO .
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Once all the transitions are identified, we apply the birth-and-death MLE to each

Ay

time-trace, and each SWNT reports a Ko . At these low concentrations (~0.2-20 uM),

each sensor detects a slightly different concentration of NO, mainly due to the stochastic

N

nature of the process, which results in a distribution of the Ko that increases as the NO
concentration increases (Figure 2.20a). Close examination yields that 8 out of 50 sensors
in the control experiment, in which no NO is added, also exhibit a limited number of
transitions, which may be attributed to the proton adsorption on the SWNT. MLE

analysis of the control experiment yields a rate describing the background fluctuation, or

Ay Ay

k ) . . k .
“Mbs of 0.0001 s-1. After subtracting this contribution from the ~“™ values obtained
at other concentrations, the observed rate constant is linearly dependent on the NO

concentration with a slope of 1 (Figure 2.20b), agreeing with equation (3). The y-

intercept of the fitted line reports a k, of 0.001 s-1 uM NO-1, which provides a good
calibration of the sensor array. Considering the diffusive and highly reactive property of

NO, the linear trend observed experimentally is noteworthy. We estimate the ensemble

A

detection limit as 300 nM, or 3 times the ratio of Kast g 1Ky , since the background
fluctuations are limiting. However, the sensor is infinitely photo-stable and does not
intrinsically blink, allowing immobilization of large arrays. These large arrays can act as
sensors that are independently addressable, as we have shown previously for H,O,.[30]
One advantage of such an array is that NO generation can be tracked spatially, although
this is still constrained by optical diffraction limit. In addition, while the standard

deviation evaluated at a relatively high concentration (3.9 and 19.4 uM) lies within the
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lower limit estimated through KMC, the standard deviations are higher than expected
when the NO concentration further decreases. This might be because the inhomogeneity
of the SWNT starts to play a role when the concentration of the analytes becomes low,
since sensors possessing more defect sites are less sensitive to small changes and do not
respond at low NO local concentration.

We note that single stochastic sensors of this type do not have a conventional
detection limit that may be compared with an ensemble measurement. If placed near a
nanometer scale generator of NO, such as a living macrophage or immobilized NO
synthase, this platform can easily detect the product. The resulting bulk concentration
may be trace, but such nanometer scale sensor may potentially be used to map the
concentration profile in and around the generator. We have demonstrated this for the
case of a H,O, selective array, and studied the H,O, signaling from protein EGFR as a
local generator[29, 30]. Future work will extend this approach to living systems

involving NO.

2.4. Detailed Birth-and-death Markov Model Derivation and
KMC Simulation

2.4.1 KMC Simulating on Single Molecule Adsorption and Desorption on
SWCNT; Stochastic Analysis

KMC is implanted by using the algorithm reported by reference[143], and KMC
simulated traces are generated considering N = 10, and 1000. N = 10 is chosen because
there are maximum of 10 quenching steps observed experimentally, and the number is
consistent with maximum number of exciton diffusion-limited segments [26-28] on the

SWNT for which the average length is about 1-2 pym. N = 1000 is chosen to check the
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consistency of the MLE analysis method through comparing stochastic solution with

deterministic solution. For each N value, 10000 traces were generated for each sets of
input rates, ( k;,i .k, ) = (0.1, 0.00001), (0.01, 0.00001), (0.001, 0.00001), (0.0001,
0.00001). Units are in [s-l]. For each N value and set of input rates, the birth-and-death
stochastic analysis method was then used to extract a value of lga y from every trace.
This same analysis was performed several times while varying observation time from 600,
3000 to 30000 s. In addition, we examined how the mean and standard deviation of Iga u

vary when only a subset of the total number of traces is used (Traces = 10, 100, 1000,
10000). These values are summarized for each observation time and set of input rates,

and each N.

2.4.2 Maximum Likelihood Estimator, pn and A, based on Birth-and-death
Markov Process

We would like to derive the MLE estimators, or IQHM and lgd‘M for the birth-and-
death process represented in equation (5). Here, we use u and A for now instead of &,
and k, ; to keep the mathematical expression concise. For a birth-and-death process, the
process parameter space 4 = (u,A) can be estimated through deriving the likelihood

function, L,(d), and computing 8, that maximizes L, (8) by taking the first order

derivative. And the process parameter 8, is also named as maximum likelihood

estimator (MLE), and in this case is a two dimensional vector.
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To discuss this in detail, let X, be the population size at time ¢ of the birth-and-death

process and the maximum number of population is N . And the Markov process can be

described
(N =i)Ah+o(h) (j=i+1),
. N 1-(N-iD)Ah—iuh+o(h) (j=1i),
P =X =021 ot G=i-n, @
o(h) (otherwise).

We are considering the maximum likelihood estimation of the parameters u# and 4

assuming that the process has been observed continuously over some time interval. For a

Markov jump process, the likelihood is

n(t)

Lt(é) =H[f(Xz | X, DMX,_)]exp

—L;,i(xM )du

(7) [140]

where @ is the parameter space, and » = n(t) is the number of jumps till time ¢, and
we assume that X, or the initial population size is non-random.

Note that equation (2) is equivalent to

n(t)-1

- - rl ) du
L@)= TT 1/ (X, | XA exp ™+ g)
i=0
If we consider the birth-and-death process described by equation (6), then we have
T(X,)=(N-X)A+ X u

(N-X)A/7(X,) (d=1),
FX +d|X)=1ipl7(X) d=-1), }©)

0 (otherwise).

Substituting in equation (3),
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n(t)-1 _
L) = H [g(X.., | X)]exp /

i=0

t
R ALY

n(t)-1 ‘I[T(Xxl)d“

= ﬂB',UD’ H [h(Xi+l |Xi)]exP ’
=0 (10)

n(t)-1

T r(x 1 X0
i=0

- f;((zv—x, YA+ X 1) du

=A% 1" exp

n(t)-1

— )LB',UD' exp—(Nlh‘(/l—l)Sr) H [h(Xi+1 | X;)]
=0

where
(N-X)A (d=1),
g(Xi+d|Xi) =il (d=-1),
0 (otherwise).
(N-X,) (d=D),
WX, +d|X,) =1i (d=-1),
0 (otherwise).

and B, and D, being the number of birth and death in the time interval [0,7], and
B +D =n(t). S, is defined as j "X du , the total time lived by the population in the time
0
interval [0,7].

The maximum likelihood estimators (MLE) of (u,A) are obtained by maximizing

L(6)
M:i+5 -Nt=0
04 A (11)
LN _D,_ _g
ou 7
B D

! 7 — t

So the MLE are 4 =—-+ ==L,
‘MLE Nt—‘S IUMLE S
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2.4.3 Unbiased (consistent) MLE Estimator for Multiple Traces

Although central limit theorem states that sufficiently large number of independent
random variables will be approximately normally distributed, a consistent estimator for
multiple traces is not simply a mean of estimator of each trace, especially if the sample

size is limited. In this case, a consistent MLE estimator for multiple traces is required. In
fact, we can derive that the Iga for multiple traces can be expressed by the following

formula,

YD, DS, k)

. Ay

j —
s,
j

el -
2.5
J

jraM,j

where j indicates the 7™ population, and D,, and s, are the number of deaths, the

total time lived by the population in the time interval [0, t] for the jth opulation, and we
P |y

define,

Therefore, Iga is just a S, -weighted average of Iga obtained from a single population

(trace).

2.4.4 Validation of the Birth-and-death MLE as a Consistent Estimator

In order to validate the consistency of the MLE estimator, we ran KMC simulation at
N = 1000, and applied the same stochastic analysis to the simulated traces as these traces
simulated at N = 10 (discussed in Section 2.3). The results are summarized in Table 2.2.

Because as N increases, the time trace approaches to an analytical solution of equation (2)
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Ay

which can be described by an exponential decay. As expected, k,, approaches a

deterministic output, and even for a single trace, the error k;‘ v 18 less than 4% off the

true value. In addition, the distribution converges to a delta function (Figure 2.19),
resulting in a significantly reduced standard deviation. Simulation results show that the

lower limit of the standard deviation is only 3% of (Table 2.3) at N = 1000,

adsorption,input

which is only 10% of the lower bound of the standard deviation at N = 10.

2.4.5 Contribution of Slightly Larger Standard Deviation at Low

Close examination of the distribution of lgaM from k,, indicates that the slightly
larger standard deviation comes from many zero-transition traces (Figure 2.17a-i), and
the MLE estimation method breaks down when there is no transition occurs. The

solution to this issue is to increase observation time. It is worth noting that for small &,

increasing the observation time is rather effective in reducing the standard deviation to its

lower bound. This is probably because at high k;,i including 0.1 and 0.01 s™, majority of

the traces have shown completely quenching within 600 s, and prolonging observation
time would not affect either D, or S, in equation (5) (Section 2.3), and later observation

becomes ineffective. In contrast, increasing observation time can decrease the standard

deviation for small k,, (0.0001 s), because at low k,,, only a few transitions occur at

the first 600 s. Therefore, prolonging the observation diminishes any deviation that is
due to insufficient transitions. However, because NO is rather diffusive, prolonging the

experiments also means losing either spatial or temporal resolution, therefore is not
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recommended in this particular case. In fact, at an k,, as low as 0.0001 s, notice that

even 10 traces consistently yield a lgaM with less than 5% error, and therefore this

method is very accurate and effective. In general, this simulation - check approach also
provides guidance in the experimental design, and provides a more fundamental

understanding on experimental data.

2.4.6 Molecular Model on AT;5 -SWNT Structure

Computations were performed using commercial software package, HyperChem
(HyperCube, FL). d(AT);s oligonucleotides was obtained from the nucleic acid database,
and was drawn in the vicinity to the SWNT. After geometry optimization was performed
on the d(AT);s DNA, energy minimization using Amber force field was conducted on the
AT;5s-SWNT complex. The simulation was run for 1600 psec until the conformation

reaches equilibrium.

2.5 Conclusions

In conclusion, the selective detection of single nitric oxide molecules using a specific
DNA sequence d(AT);s, adsorbed to single walled carbon nanotubes (AT;s-SWNT) is
reported. This sequence is distinct from eight other DNA variants that show fluorescence
quenching or enhancement from a library of tested analytes including dopamine, NADH,
L-ascorbic acid, and riboflavin. The d(AT),s imparts SWNT with a distinct selectivity
toward NO. Polyvinyl alcohol wrapped SWNT show no response to NO, but exhibit
enhancement responses to other molecules in the tested library. The wrapping molecules
have shown to significantly affect the selectivity of the SWNT complex. A NO sensing

platform is developed consisting of an array of individually deposited AT;s-SWNT. A
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stepwise fluorescence decrease is observed when the sensor is exposed to NO, reporting
single-molecule NO adsorption via SWNT exciton quenching. We describe these
quenching traces using a birth-and-death Markov model, whose maximum likelihood
estimator reports the adsorption and desorption rates of NO. Applying the method to
KMC simulated traces suggests a less than 5% deviation in estimation under our
experimental conditions, allowing for calibration using a series of NO éoncentrations.
The adsorption rate shows a linear dependence upon NO concentration and the intrinsic
single-SWNT-site NO adsorption rate constant is 0.001 s’ uM NO™. The ability to
detect NO quantitatively at the single molecule level has applications for the study of

nitric oxide carcinogenesis, chemical signaling, and medical diagnostics for inflammation.
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3 Polymer-nanotube interfaces that selectively

recognizes molecules

3.1 Introduction and Significance of Creating Molecular
Recognition Sites

a) Schematic

Hydrophobic  Hydrophilic

/

Nanotube &%

b) Example Phenoxy-functionalized dextran

Intensity Change Wavelength shift

Figure 3.1 Schematic of the molecular recognition concept. (a) A polymer with an
alternating hydrophobic-and-hydrophilic sequence adopts a specific conformation when adsorbed
to the nanotube. The polymer is pinned in place with a footprint that creates a selective binding
site for the molecule of interest, leading to either a wavelength or intensity change in SWCNT
fluorescence. (b) An example of a hydrophilic-hydrophobic alternating sequence — boronic acid
derivatized phenylated dextran.

Molecular recognition and signal transduction are the two the main challenges in
sensor design[3, 144]. Frequently scientists and engineers borrow from nature to gain
analyte specificity and sensitivity, using natural antibodies as vital components of the
sensors [2, 144-147]. However, antibodies are expensive, fragile, easily lose biological
activity upon external treatment, such as immobilization, and exhibit batch-dependent
variation, limiting their use in widespread applications [144, 147, 148]. Moreover,
certain biological molecules of interest lack a naturally existing antibody, including
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toxins, drugs and explosives[149]. This has driven the search for methods to synthesize
artificial antibodies from polymeric materials leading to molecularly imprinted polymers
(MIP)[147, 149] and DNA-aptamers[2, 3, 147]. Given a selective binding site, the next
challenge is measuring the analyte binding event[3, 144]. For fluorescence based sensors,
the most common method is through Forster resonance energy transfer (FRET) between
acceptor and donor fluorophores[150, 151]; however, such sensors usually require
labeling[151, 152]. In addition, most fluorescence-based sensors utilize organic and/or
nanoparticle fluorophores which photobleach over time, significantly limiting their
capability for long-term real-time monitoring[21]. Some FRET based sensors utilize
complicated mathematics to account for photobleaching kinetics[151].

The aforementioned SWCNT PL based sensors [24, 25, 49, 153] took advantage of
well-known interactions between the target analyte and the polymer or protein adsorbed
on the SWCNT surface. While this approach has been successful, it necessarily limits
sensor design to well-known analyte-binding partner interactions and even then no signal
transduction mechanism is guaranteed. As an alternative, we propose that a random
polymer, with little to no affinity for the target analyte, can adopt a specific conformation
when adsorbed to the nanotube via non-covalent interactions. The polymer is pinned in
place such that a selective binding site is created which only recognizes the target
molecule, and the binding event leads to optical signal transduction (Figure 3.1). To date,
however, the potential of these structured phases to recognize external molecules has
been unexplored. In this work, we explored the possibilities of constructing molecular
recognition motifs based on polymer-SWCNT complexes. We also investigated the

ability to tune the affinity of this type of recognition by changing both the composition of

74



Molecular Recognition Using Nanotube-Adsorbed Polymer Complexes Jingqing Zhang

the polymer and SWCNT parameters such as diameter. This allows us to mimic the
“directed evolution” approach in the biological systems where researchers have mutated
certain genes of a protein, and selected the mutants that have the highest affinity to the
analytes of interest for their studies.

For studying this type of interaction, we rely on the modulation of SWCNT
photoluminescence as a signal transduction mechanism for reporting the molecular
recognition of these polymer-SWCNT complexes. Such nanotube based molecular
recognition motifs have clear technological advantages, in that they could theoretically be
engineered to recognize broad classes of molecular types. They can also be synthesized
using durable and chemically resistant polymers, leading to polymer-SWCNT complexes
that are stable to hydrolysis, or compatible with synthetic matrices. We also have
interests in using those synthetic complexes as sensing tools, to aid research in the bio-
sensing area where the nanotube based optical sensing exhibits many advantages (See
Section 1.2). In this work, we focused on a few examples where the nanotube-based
molecular recognition concept seems operative, with new recognition complexes

demonstrated for riboflavin, I-thyroxine, and estradiol.

3.2 Materials, Polymer Synthesis, SWCNT Suspension

3.2.1 Materials

Single-walled carbon nanotubes were from the Rice University research reactor run
114 , Nano-C or Unidym. 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (ammonium salt) (18:0 PEG2000PEG), 1,2-

distearoyl-sn-glycero—3-phosphoethanolamine—N-[methoxy(polyethylene glycol)-5000]
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(ammonium salt) (18:0 PEG5000 PE) were purchased from Avanti Polar Lipids Inc.

DNA oligonucleotides and peptides were purchased from Integrated DNA Technologies
(IDT) and AnaSpec, Inc. respectively, and used as received. NH,-PEGS5k-NH,; has a PDI
of 1.1, with MW distribution 4.5 — 5.5kDa; NH,-PEG20k-NH, has a PDI of 1.1, with
MW distribution 19.2 — 20.8 kDa; 4-arm NH,-PEG has a PDI of 1.05 with MW
distribution 9.5 — 10.5 kDa; 8-arm NH,-PEG has a PDI 1.1, MW distribution is 9.5 — 10.5
kDa (Data provided by Creative PEGworks). Sodium cholate (SC), sodium dodecyl
sulfate (SDS), poly (vinyl alcohol) (PVA, 87-89% hydrolyzed, 13- 23 kDa), dextran from
Leuconostoc  mesenteroides (9kD to 11kD Mw), 1,2-epoxy-3-phenoxypropane,
chloroacetic  acid, 3-aminophenylboronic acid, N-(3-dimethyl-aminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), dimethyl
sulfoxide (DMSO), 3-aminopropyltriethoxysilane (APTES) and other reaction reagents
and tested analytes were purchased from Sigma Aldrich and used as received unless
indicated otherwise. [3H]-radiolabeled riboflavin was ordered from Moravek
Biochemicals and Radiochemicals. Macrophage cell line Raw 264.7, Dulbecco's
modified Eagles' medium (DMEM), and Leibovitz’s L-15 medium were purchased from
American Type Culture Collection (ATCC). Heat-inactivated fetal bovine serum (FBS)
and Penicillin:Streptomycin solution containing 10,000 U/ml penicillin-G and .10 mg/ml
streptomycin were purchased from Gemini Bio-products. 35 mm cell culturing petri

dishes were purchased from MatTek Corporation.

3.2.2 Synthesis of PhO-Dex and BA-PhO-Dex:
Synthesis of the phenoxy functionalized dextran (3) was performed following Scheme
1[154]. 1 (10g) was dissolved in 90 mL 1N NaOH and pre-heated to 40 °C followed by
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addition of 2 (8.3g). After completion of the reaction, 3 was precipitated by the addition
of excess ethanol (EtOH) and collected via filtration. Phenoxy content was determined
by measuring UV-vis absorption at 269 nm, as reported previously[154], with a

Shimadzu UV-3101 PC UV-VIS-NIR scanning spectrometer.

H O H IN NaOH H 0 n
H
OH H + _ﬁg_nc_’ H ) o_ H
O/W
o]

OH o]\ OH H
H OH n OH OH o,]\
1 2 S H OH m
: 3
Figure 3.2 Schematic for the synthesis of phenoxy functionalized dextran, 3.

Synthesis of boronic acid functionalized phenoxy dextran (BA-PhO-Dex, 7) was
carried out following Scheme 3.2. 3 (10 g) was first dissolved in 82.5 mL 6N NaOH and
was heated to 60 °C. Chloroacetic acid (4, 20 g) was added and the reaction was allowed
to proceed for 1.5 hrs. The carboxyl methyl phenoxy dextran (CM-PhO-Dex, §) was
precipitated and washed with excess EtOH, collected via filtration and dried under
vacuum. The degree of carboxyl functionalization on 5 was determined using acidimetric
titration with phenolphthalein. 5 (1 g) was then dissolved in 30 mL HO, pH 5, at 25 °C
with NHS (0.35 g) and EDC (0.6 g). 3-aminophenylboronic acid (0.47 g, 6) dissolved in
5 mL DMF was added to the solution and the reaction was allowed to proceed for 12 hr.

The final boronic acid functionalized phenoxy-dextran (BA-PhO-Dex, 7) was
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precipitated and washed with excess EtOH, collected via filtration and dried under
vacuum. The degree of functionalization with 6 was determined based on a UV-vis

absorption calibration curve at 413 nm (Figure 3.3), giving € = 0.0013 mM 'cm.

0.14

§ 0.12 - ‘F’p::ooog;g; Figure 3.3 Calibration
g 0.1 - ' curve for determination of
o boronic acid composition in
g 008 - the synthesized BA-PhO-Dex
T 0.06 A polymer. & =0.0013 mM'cm’
% 0.04 ', Absorption was taken at
g 0.02 - 413nm.
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0 T '
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—_——
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OH

60 °C
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Figure 3.4 Schematic for the synthesis of boronic acid functionalized phenoxy-dextran, 7.

3.2.3 Synthesis of RITC-PEG-RITC and FITC-PEG-FITC

Synthesis scheme of RITC-PEG-RITC and FITC-PEG-FITC is shown in Scheme 3.5.
For RITC-PEG-RITC (3), amine difunctionalized poly ethylene glycol (NH,-PEG-NH,,
5kDa, or 20 kDa, 0.1 mol/l, 1) and rhodamine isothiocyanate (RITC, 0.22 mol/l, 2) were
dissolved in mixture of 1:1 dichloromethane (CH,Cl,):dimethylformamide (DMF). 0.2
mol/l of N,N-diisopropylethylamine (DIEA) was then added to the reaction mixture.
After three hours, the reaction product was precipitated by ether (10x in volume) and re-
dissolved in DMF, and this cycle was repeated twice. And the product was precipitated
by ether again, and collected using a vacuum filtration system. The purified product was
characterized by UV-Vis, and FTIR.

For synthesizing FITC-PEG-FITC (5), the same protocol was used except that
fluorescein isothiocyanate (FITC, 4) instead rhodamine isothiocyanate (RITC, 2) was
added to the reaction mixture. The purified product was characterized by UV-Vis, and

FTIR.
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Figure 3.5 Schematic of the synthesis of RITC-PEG-RITC, 3 and FITC-PEG-FITC, 5.
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3.2.4 Synthesis of NH,-PPEGS (3) and Fmoc-Phe-PPEGS (5):
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Figure 3.6 Schematic of the synthesis of Synthesis of NH,-PPEGS8 (3) and Fmoc-Phe-
PPEGS (5).

Synthesis of NH2-PPEGS8 (3) and Fmoc-Phe-PPEGS (5) were carried out following
the scheme 3.6, modified from references [155, 156]. 2.4 g of 1 (10kDa) was weighed
out and contained in a septum-sealed round bottom flask (RBF), and nitrogen was
introduced through a schlenk line to the flask, and the air was removed through an outlet.
10 ml of anhydrous DCM was added to the flask to dissolve 1. 46 ul of DIEA was added

to the flask using a microsyringe. A 20 ml vial sealed with septum was prepared, and

81



Molecular Recognition Using Nanotube-Adsorbed Polymer Complexes Jingqing Zhang

nitrogen was introduced for 10 min while air was removed through an outlet. 6 ml of
anhydrous DCM was added to the vial, followed by 80 ul of 2 through a microsyringe.
After complete mixing, the mixture in the vial was taken out using a 10 ml syringe and
dropwise added to RBF for 30 min. After 6 hours of reaction under nitrogen environment,
ether was added to precipitate the product, and the solvent was decanted out, and the
product was re-dissolved in DCM. After three cycles of precipitation and decanting, the
final precipitates were collected and dried in was dried under vacuum using the schlenk

line. The product 3 was characterized using FTIR (Figure 3.7).
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Figure 3.7 Characterization of the RITC-PEG-RITC, FITC-PEG-FITC polymers. FTIR
spectra of RITC-PEG-RITC (a, 5kDa; b, 20kDa) and FITC-PEG-FITC (c, 5kDa; d, 20kDa). UV-
Vis absorption spectra of FITC-PEG-FITC and FITC in 0.01 M NaOH (e), RITC and RITC-PEG-
RITC in methanol (f). Both FITC and RITC were prepared in a concentration assuming that PEG
is bifunctionalized. Degree of bifunctionalization of FITC-PEG (5kDa)-FITC is 90%, FITC-PEG
(20kDa)-FITC 86%; degree of bifunctionalization of RITC-PEG (5kDa)-RITC is 97%, RITC-
PEG (20kDa)-RITC 85%.

To synthesize 5, 0.5 g of 3, 0.199 g of Fmoc-Phe-OH (4), 0.243 g of benzotriazole-1-

yl-oxy-tris-(dimethylamino)-phosphonium hexafluorophosphate (BOP reagent), 0.074 g
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of 1 - hydroxybenzotriazole hydrate (HOBt) was dissolved in 7 ml of DCM. Fmoc-Phe-
OH was added 1.5x7:1 mol/mol to NH2-PPEGS, and BOP, HOBt, and DIEA was added
1.6x7:1 mol/mol to NH2-PPEGS. The reaction was carried out for 3 hours at RT after the
addition of 96 ul of DIEA. Ether was used to precipitate the product using the same
protocol as suggested above, and the final product was dried under vacuum using the

Schlenk line. The product 5 was characterized using UV-Vis (Figure 3.8).
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Figure 3.8 Fmoc-Phe-PPEGS, NH2-PPEGS8 polymer characterization using UV absorption
(a) and FTIR (b).

3.2.5 DNA Oligonucleotide, Pepetide, and Polymer Nanotube Suspension:

SWCNTs were suspended with (GT);s and other oligonucleotides using methods
similar to those published[22]. Briefly, SWCNTs were suspended with a 30-base (dGdT)
sequence of ssDNA in a 2:1 DNA:SWCNT mass ratio with typical DNA mass
concentration being 1 mg/ml in 0.1 M NaCl. Both samples were sonicated with a 3 mm
probe tip (Cole-parmer) for 10 min at power of 10 watts followed by twice of a 90 minute
benchtop centrifugation (Eppendorf Centrifuge 5415D) at 16,100 x g afterwards the

pellet discarded.
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For suspension with Fmoc-Phe-PPEG8 and NH,-PPEPG8, SWCNTs were suspended
with the polymer in a 2:1 polymer:SWCNT mass ratio with polymer concentration being
2 mg/ml. Typical volume was 40 ml. Both samples were sonicated with a 6 mm probe
tip (Core-parmer) for 40 min at power of 10 watts followed by twice of a 90 minute
benchtop centrifugation (Eppendorf Centrifuge 5415D) at 16,100 x g afterwards the
pellet discarded.

For suspension with other polymer materials, SWCNTs were first suspended in a 2
wt % sodium cholate (SC) aqueous solution using previously published methods[19, 24].
Briefly, 1 mg/mL NanoC or Unidym SWCNTs were added to 40 mL 2 wt % SC in
NanoPure H,0O and were sonicated with a 6 mm probe tip at 40 % amplitude (~12W) for
1 hr in an ice bath. The resulting dark black solution was ultracentrifuged in an SW32 Ti
rotor (Beckman Coulter) at 153,700 RCF (max) for 4 hrs to remove unsuspended
SWCNT aggregates and catalyst particles. The desired polymer for SWCNT suspension
was then dissolved, at 1 wt %, in the SC — SWCNT and the mixture was placed in a 12 —
14 kD MWCO dialysis bag and dialyzed against 2L. 1X PBS buffer (50 mM, pH 7.4) for
24 hours to remove free SC and allow the polymer to self-assemble on the nanotube
surface. To suspend RITC-PEG-RITC and FITC-PEG-FITC, a similar procedure was
used except that the polymer was suspended at 2 wt% for RITC-PEG (5 kDa)-RITC and
FITC-PEG (5 kDa)-FITC, 7.0 wt% for RITC-PEG (20 kDa)-RITC and 7.2 wt% FITC-
PEG (20 kIDa)-FITC to keep a consistent molar concentration of both FITC and RITC in
the suspension. The dialysis buffer was changed after 4 hrs to ensure SC removal. The
resulting suspensions were clear to the eye and were free of SWCNT aggregates,

indicating successful suspension[100].

85



Molecular Recognition Using Nanotube-Adsorbed Polymer Complexes Jingging Zhang

3.3 Instrumentation, Microscopy, and Program Automation

3.3.1 High-throughput Screening Setup
The high-throughput screening setup is similar to Section 2.24, but with improved

automation by simplifying programs (Figure 3.9).
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Figure 3.9 Process diagram of the high-throughput screening project. (a) Instrumental

development involves a microscope setup where an array of wells containing differently polymer
wrapped SWCNT is subjected to the screening of 36 analytes. (b) Data collection and spectral
deconvolution: Upon laser excitation, SWCNT photoluminescence spectrum from each individual
well is captured by a near infrared detector. The setup is controlled by a program so that the
excitation - emission - record process is automatic. A spectral deconvolution program (Section
2.2.5) is written to resolve SWCNT photoluminescent peaks of different SWCNT chiralities. (c)
Construction of database for responses: For each experiment, triplicates are performed on the
same set of analyte per polymer-SWCNT complex), two modes of responses including intensity
change and spectral shift are analyzed against analyte and SWCNT chiralities. The responses are
summarized as a database for comparison across different polymer-SWCNT complexes in the
future.

As an estimate of the size of the resulting data set, for each polymer wrapping there
are 576 data-points from eight unique SWCNT species, two SWCNT fluorescence
modalities[48] (intensity change and wavelength shift), and 36 analytes (8x2x36).
Screening 10 polymer-SWCNT complexes at 30 s/analyte in triplicate with control

spectra takes approximately 30 hours. Spectral deconvolution methods are the same as in
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Section 2.2.5, and initial peak positions are identified through excitation-emission profile
(Figure 3.10).

This data set forms a molecular “fingerprint” that characterizes, among other
variables, the spatial configuration and permeability of the adsorbed phase around the
nanotube, its redox state and the ability for target molecules to dynamically modulate the
adsorbed phase in a switch-like fashion.

Representative spectra for RITC-PEG-RITC, FIT-PEG-FITC, PE-PEG, SC, Fmoc-
Phe-PPEGS8, Fmoc-Phe-PPEG4, NH,-Phe-PPEGS8, GT,5, BA-PhO-Dex, PhO-Dex, PVA,

SDS — SWCNT are shown in Figure 3.30-3.53.
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Figure 3.10  Contour plot of fluorescence intensity versus excitation and emission
wavelengths for BA-PhO-Dex — SWCNT and nanotube assignment.
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3.3.2 Dual-Channel Microscope and Fluorescence Detection

The recognition sites created in this work have immediate utility as fluorescent
sensors of biological molecules. We have constructed a dual-channel microscope for
imaging spectral shifts of nanotube fluorescence (Figure 3.11). The home-made
microscope allows spectroscopic information to be elucidated by splitting the image into
two channels which are adjacent in wavelength. Exposed to 658 nm laser (LDM-OPT-
A6-13, Newport Corp) excitation, three SWCNT species including (8,3), (7,5) and (7,6)
show bright PL. The emission light from the sample is split into two beams. The light
from both beams is treated with filters to spectroscopically isolate one emission peak, and
then to permit only half of the peak’s emission to appear in each channel. One channel
(right) on the same near infrared detector array (InGaAs OMA V array detector through a
PI Acton SP2150i spectrometer) shows the long wavelength half of the peak, and the
other (left) contains the short wavelength half. The filters used were designed to measure
the (7,6) nanotube which has the emission maximum at 1147 nm before exposure to any
analytes. The 50% cut-off/cut-on of the two edge filters used were 1100 and 1180 nm
respectively to band the (7,6) emission. A 1140 nm longpass and a 1140 nm shortpass

filter were placed in the emission beam before splitting to isolate the (7,6) peak.
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Figure 3.11 Dual channel microscope scheme. Light leaving the sample passes through a
bandpass filter to spectroscopically isolate one nanotube fluorescence band. This light reaches a
50/50 beamsplitter which creates two equal beam pathways. The resulting beams pass through
edgepass filters (a longpass for one and a shortpass for the other) with a 50% cut-off/cut-on at the
same wavelength. The beams are captured by two different regions of a near infrared array
detector.

After incubated with SWCNT for 12 hrs, the cells were ready for fluorescence
imaging. This dual-channel microscope mentioned above was used to monitor in real
time the change of nIR PL of BA-PhO-Dex — SWCNT inside the macrophage (Figure
3.25), in response to extracellularly-added riboflavin. Real time movies were acquired
using the WinSpec data acquisition program (Princeton Instruments) for 1 hr. Visible

images were acquired using an attached CCD camera (Carl Zeiss, ZxioCam MRm).

3.3.3 Dual-Channel Microscope Image Processing:

Each frame in the movie is subject de-noised by median filtration with the kernel size

set to 3 x 3. The quantitative analysis is then performed as follows: total
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photoluminescence quenching response is represented by normalized intensity; shifting
response of the emission maximum is represented by the normalized intensity of the right
(1140 — 1180 nm) channel divided by the normalized intensity of the left channel (1100 —
1140 nm). To visualize the results of analysis, a binary mask is generated by
thresholding the initial frame, in which the pixels whose intensity value is above an
empirically determined value is considered as within the region of interest. The values of

the pixels outside this region are set to zero in the visualized results.

3.4 Polymer-SWCNT Suspension Characterization Methods
Experimentally available characterization techniques including single-particle
tracking microscopy, TEM can be potential tools for imaging and characterizing the
polymer adsorbed phase on the SWCNT. Another very useful technique is MD
simulation, which was performed mainly in collaboration with Professor Blankschtein’s
group. Experimental data on molecular binding constant, polymer coverage on the

SWCNT and others were generated by us and provided to our collaborator.

3.4.1 Radio-labelling and Analysis

Experimentally, we have shown that upon recognition of a molecule, the fluorescence
of the polymer-SWCNT complex modulates accordingly. Adsorption isotherm and
binding constants can be obtained by plotting the degree of fluorescence change
(including wavelength shift and intensity change) as a function of the concentration of the
molecule. However, this scheme involves two-steps for the final signal transduction.
First, the molecule binds to the polymer-SWCNT complex; and then, the binding induces

a signal transduction mechanism that involves fluorescence modulation. Although
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providing a very sensitive detection scheme, the kinetics and the thermodynamics
involved could deviate from those of the actual binding events. In order to understand
this and extract the kinetics and thermodynamics of the actual binding, other
experimental methods independent of the fluorescence scheme will be helpful.

The most straightforward scheme is to radiolabel the molecule of interest and
quantify the radioactivity of the molecules bound on the recognition polymer-SWCNT
surface, and compare it with that amount of radioactivity on a polymer-SWCNT that does
not recognize the molecule. A modified scheme could be to incubate the molecules with
both the recognition polymer-SWCNT and a random polymer-SWCNT separately, and
compare the amount of unbound molecules through radioactivity measurement. Binding
constant can be constructed by performing the experiments at different starting
concentration of the molecule, and compare the value with that is from the fluorescence
measurement.  Either scheme would involve a method of separating the unbound
molecule from the polymer-SWCNT complex. We proposed to use dialysis, spin
filtration device, or size-exclusion column for separating free molecules from polymer-
SWCNT complexes. One concern was that those membrane based devices may have
certain non-specific interactions with even polymer-SWCNT complexes, and tried to use
bovine serum albumin (BSA), triton, or other proteins or surfactants to pre-saturate those
non-specific binding sites on the membrane, reducing this effect.

Specifically, adsorption isotherm of riboflavin onto the BA-PhO-Dex — SWCNT,
PhO-Dex — SWCNT, as well as BA-Pho-Dex polymer was measured using *H-labeled
riboflavin. The SWCNT solution used in this experiment was 2 mg/l, which was the same

used in the fluorescence-based binding measurements. In both SWCNTSs samples, free
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polymer was removed in advance. And polymer solution was 6.7 mg/ml, which we kept
the same as the polymer concentration in the BA-PhO-Dex — SWCNT sample.

The *H-labeled stock riboflavin was prepared as follows. Stock solutions of non-
labelled riboflavin were first prepared in DMSO at four concentrations, including, 10 mM,
3.33 mM, 1.33 mM, and 132.8 pM. By mixing with *H-riboflavin (EtOH, 81.57 uM, 12.3
Ci /mmol) in 1:3 *H-vol/'H-vol ratio, the four stock solutions contained the same amount
of radioactivity, ethanol (25 vol%) and DMSO (75 vol%), but four concentrations of total
riboflavin amount (7.5 mM, 2.5 mM, 1 mM, 0.12 mM).

Each prepared *H-labeled stock was added into a 350 pl 33 mg/l BA-PhO-Dex —
SWCNT at 1 vol% to reach the final concentration of 75 pM, 25 uM, 10 uM, and 1.2 uM
respectively, and the solution was well-mixed using pipettes. The SWCNT concentration
has to be high enough to have enough riboflavin adsorb and give enough counts in the
scintillation instrument. After 1 hour of waiting, from each sample, 50 pl of the mixture
solution was taken out and mixed with scintillation fluid (5 ml) and used later for
radioactivity counting. The remaining solution was passed through a size-exclusion
column (PD MiniTrap™ G-25, Exclusion limit Mr, 5000, GE HealthCare) that was
prepared with BSA. In the column preparation step, 300 ul BSA (1 mg/ml) had been
passed through the cqlumn at least 4 times before the column was ready for use. After the
following the centrifugation protocol given by the size exclusion column, the filtrate was
collected which presumably containing BA-PhO-Dex-SWCNT and the surface bound
riboflavin. And the free riboflavin was assumed to be completely caught inside the

column due to the size-exclusion effect. This was in fact supported by the control
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experiment where a starting material of H-labeled 7.5 mM riboflavin in PBS resulted in
less than 20 counts per minute readout, which is the same as the baseline.

50 pl of the filtrate was taken and mixed with the scintillation fluid (5 ml) and then
the radioactivity was measured by the scintillation counter, and the radioactivity was also
converted to riboflavin concentration by measuring the radioactivity of a concentration
known solution of the same type.

SWCNTs concentration of the filtrate was also needed. Even though the column was
prepared with BSA in advance, there were always some residual SWCNTs that were
caught inside the column. In order to eliminate the concentration-induced difference in
radioactivity in the filtrate, we also performed the above experiments using not labelled
riboflavin, and the absorption of the SWCNTs in the filtrate was measured using UV-Vis
(A¢32 nm = 0.036 mg/l'l). This way, radio-contamination of the cuvettes was prevented.

The same protocol was used for obtaining binding isotherms for both the PhO-Dex —

SWCNT and BA-PhO-Dex polymer. Experiments were performed in triplicates.

3.4.2 Single Particle Tracking (SPT) and Diffusivity Analysis:

Single particle tracking is a very commonly used method to image and track
nanoparticle movement via microscopy imaging. Our laboratory and others[157-159]
have previously used this technique to study both diffusional and translational diffusivity
of carbon nanotubes. By keeping track of the trajectory of the particles, the mean square
displacement (MSD) of the particle can be computed, and thus diffusivity can be
calculated through the following equations, assuming the technique is a 2-D tracking

method.
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MSD=(r*(1)) =<%Z(f;(t)—n(0))2>(l)
i=0

D = L1jm 4MSD)
4= dt

In this work, 10 ul SWCNT at 5-10 mg/l in water (SDS-SWCNT was imaged in 50

(2)

mM PBS buffer) was dropped in between two cover slips, and the fluorescence of the
SWCNT was imaged and monitored in real time through a 100x TIRF objective for hours
using an inverted microscope (Carl Zeiss, Axiovert 200), with a 2D InGaAs array
(Princeton Instruments OMA 2D) attached. Movies were acquired at 0.25, 0.5 or 1
s/frame using the WinSpec data acquisition program (Princeton Instruments) for at least
1000 frames. Typically, 2-3 movies were taken per sample to account for possible
variations among samples.

In order to estimate the hydrodynamic radius of the SWCNT, we estimated the
average length of the SWCNT to be 550 nm by AFM (Figure 3.20), and the following
equation was used where with a known diffusivity value, we solved for diameter, D[160-

162].

k,T
3znL

D, = [In(L/D)+0.316+0.5825(D/ L)+0.050(D / L)?]

The radii obtained from SPT are summarized in Table 3.1.

343 AFM

100 nm silicon wafers were pre-cleaned using acetone, followed by water, and then
1sopropyl alcohol. For sample preparation, 20 pl of SWCNT sample at concentrations
between 10 - 20 mg/l was deposited on the sﬁbstrate, and incubated at room temperature

for 10 min to 1 hour. The concentration of the SWCNT and the time of incubation is
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adjusted based on the density of SWCNT on the resulting film. After incubation, the
sample was rinsed rigorously with DI water, and then dried under nitrogen before
imaging.

AFM images were taken using Asylum MFP-3D model in tapping/AC mode with
Asylum Tapping/AC mode soft tips (AC240TS). Typical scan size was 5 pm or 10 pm,
adjusted based on the density of the SWCNT on the substrate. Scan rate was in between 1
- 1.5 Hz, adjusted based on the image quality, and the scan angle was always set to be
0.0°. The resultant AFM images are shown in Figure 3.19. Radii for various polymer-

SWCNT constructs estimated from AFM are summarized in Table 3.1.
344 TEM

TEM images were taking using JEOL JEM 2010 hjgh—resolutjon TEM with a LaB6
electron gun which can be operated between 80 — 200 kV. In a standard procedure, 1 pl
of SWCNT solutions were dropped onto HC200-Cu Holey Carbon Film (Electron
Microscopy Sciences), and dried in air for a few minutes. TEM images are shown in the

Fig. 3.20, and the resultant diameter estimation are summarized in Table 3.1.

3.5 Cell Cultures

Raw 264.7 macrophage cells were cultured in Dulbecco's modified Eagles' medium
(DMEM) containing 4.5 g/l glucose and 4 mM Il-glutamine and further supplemented
with 10% (v/v) heat-inactivated FBS and 1% Penicillin:Streptomycin solution. Cells
were maintained at 37 °C in a humidified atmosphere with 5% carbon dioxide. Before
the experiment, cells were transferred and grown in a petri dish with Leibovitz’s L-15
medium and cultured at 37 °C in a humidified atmosphere. Six hours after re-plating,

0.005 uM of SWCNT was added into the culture medium, and the cells were maintained
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at 37 °C in a humidified atmosphere for 12 hrs, allowing SWCNT engulfed into the cells

before imaging.

3.6 Results and Discussions

To generate polymer-nanotube interfaces, candidate polymers have been synthesized
in the lab. Those polymers are amphiphilic polymers such that hydrophobic domains
stack on the SWCNT surface and the hydrophobic domains extend into aqueous phase,
enabling entropic stabilization. In our studies, only non-ionic or weakly ionic polymers
were chosen for simplicity in order to gain structural understanding. The screening is
performed by parallel addition of the library of 36 analytes (Table 2.1) to the synthetic
polymer-SWCNT solution contained in a 96 well plate. Excited at 785 nm, the emission
spectra were deconvoluted with a custom developed spectral fitting algorithm written in
MatLab that also calculated error bars. The resulting intensity and wavelength changes
of each construct subjected to the addition of each analyte were recorded, with original
data shown in Figures 3.30 — 3.53. This approach allowed us to identify three examples
of polymer-SWCNT mediated molecular recognition.

The simplest example is the rhodamine isothiocyanate-difunctionalized poly(ethylene
glycol) — SWCNT complex, or RITC-PEG-RITC — SWCNT (Figure. 3.12-1, 5 or 20
kDa), which shows fluorescence quenching exclusively to estradiol (both alpha- and beta-
estradiol). To compare with this particular complex, we synthesized two additional
synthetic variants, fluorescein isothiocyanate difunctionalized PEG, or FITC-PEG-FITC
(Figure 2.11-ii) and distearyl phosphatidylethanolamine-PEG (PE-PEG, Figure 3.12-iii),

which result in similar, non- selective response profiles. The selectivity of the response
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shown by RITC-PEG-RITC - SWCNT is distinct from other schemes suing principle
component analysis [163] or differential sensor responses[164] for analyte recognition,
and we therefore assign it as the first demonstration of molecular recognition. In the
polymer-SWCNT complex, the RITC fluorescence is quenched, providing evidence that
the hydrophobic ends of the polymer are adsorbed onto the SWCNT surface (Figure 3.13).
The hydrophilic PEG chain forms a loop extending into solution. This structural
configuration is also corroborated by molecular dynamics (MD) simulations (performed
by Dr. Shangchao Lin in Blankschtein’s lab) for the three polymers (Figure 3.12a).
Estradiol contains an aromatic group which can adsorb to the SWNT surface if the
pendant hydroxyl groups are hydrogen-bonded to the adjacent RITC amides. The
molecular weight of the PEG chain does not influence the selectivity (Figure 3.14-2.16),
but the end group structure has an obvious effect (Figure 3.12a-i,ii,iii). Indeed, RITC is
larger than FITC, and is zwitterionic at pH 7, resulting in electrostatic alignment and a
denser packing on the SWCNT. The molecular recognition of the RITC-PEG-RITC -
SWCNT to estradiol results from the strong interaction between the estradiol and RITC
anchors. MD simulation at a starting coverage of 50 polymers per 20 nm of SWCNT
reveals that at equilibrium, 80% of the SWCNT surface is covered by RITC anchors.
Different characterization techniques have been applied here: dry-state AFM estimated a
mean radius of 2.5 nm for RITC-PEG-RITC — SWCNT, consistent with 2.7 nm estimated
from MD results, but smaller than 8.1 nm that is estimated from single particle tracking
(SPT) experiments (Table 3.1). Under the hydrated conditions of SPT, the hydrodynamic

radius can be increased. TEM images (Figure 3.20) indicate a range of radii from bare
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surface (0.47 nm) to approximately twice the AFM average value (4.9 nm), reflecting

variable surface coverage along the length.

Table 3.1

Tabulation of diffusivity and radius obtained from SPT, MD, AFM and TEM

Polymer - SWCNT Diffusivity Radius
pm?/s nm
SPT SPT* | MD** | AFMt | TEMtt

FITC-PEG20k-FITC — SWCNT

NH,-PPEG8 — SWCNT

1.89

2.02

2.10

1.50

2.0x1.6

2.36+0.8

PhO-Dex — SWCNT 219 1.15 i 1.62+0.6
SDS - SWCNT 1.81 3.12 1.2
SC - SWCNT 2.10 1.33 1.2

*SPT: single-particle tracking

**M

TAFM: Atomic force microscopy

D: Molecular dynamics

F1+TEM: Transmission emission microscopy
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Figure 3.12  Three distinct examples of polymer-nanotube complexes that selectively
recognize a molecule and their chemical analogs that do not present selectivity. (a-i, b-i, c-i)
Three examples of nanotube antibodies including RITC-PEG-RITC — SWCNT (a-i), Fmoc-Phe-
PPEG8 — SWCNT (b-i) and BA-PhO-Dex — SWCNT (c-i). The images on the top left of each
panel is generated by.performing molecular dynamics simulation either in aqueous solution or
vacuum. Color codes can be referred in MD section in the supplements. A simplified molecular
representation derived from either MD or chemical structure is drawn on the bottom left of each
panel. Spectrum of each of the complex is shown on the top right, and RITC-PEG-RITC -
SWCNT and Fmoc-Phe-PPEG8 — SWCNT show selective quenching response upon exposure to
100 uM 17-o-estradiol, and 100 pM of L-thyroxine respectively, and BA-PhO-Dex — SWCNT
shows a selective shift in wavelength to 100 pM of riboflavin. (a-ii, a-iii, a-iv, b-ii, b-iiii, b-iv)
Structure of FITC-PEG-FITC — SWCNT (a-ii), PE-PEG — SWCNT (a-iii), SC — SWCNT (a-iv),
Fmoc-Phe-PPEG4 — SWCNT (b-ii), NH,-PEG — SWCNT (b-iii), and GT;s-SWCNT (b-iv) and
their fluorescence intensity responses to the same panel of molecules. No selective intensity
response is observed among those SWCNT complexes.
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Figure 3.13

Figure 3.14

of 36 analytes.

£0000 ——Blank
——FITC-PEG-FITC - SWCNT
——FITC-PEG-FITC - Free Polymer

50000 ——FITC-PEG-FITC - Theoretical Polymer

Intensity (a. u.)

1 T T T
500 510 520 530 540
Wavelength (nm)

Quenched FITC fluorescence of the FITC-PEG-FITC polymer on SWCNT. The
spectra were taken in a plate reader, excited at 494 nm. A FITC-PEG-FITC — SWCNT sample
pass through a 100 k filter unit to remove the free polymer which shows emission (blue, Ay =
523 nm), and the remaining polymer-SWCNT solution shows the same intensity as a PBS
baseline, indicating the quenched state of the FITC on the SWCNT (red). Green line shows a
fluorescence spectrum of a FITC-PEG-FITC, the concentration of which is prepared such that
FITC ends of the polymer fully covers the SWCNT surface.
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The relative fluorescence change compared to the control for RTIC-PEGS5kDa-
RITC (top) and RTIC-PEG20kDa-RITC (bottom) — (7,5) SWCNT after being exposed to a panel
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Figure 3.15

The relative fluorescence change compared to the control for FTIC-PEG5kDa-

RITC (top) and FTIC-PEG20kDa-RITC (bottom) — (7,5) SWCNT after being exposed to a panel

of 36 analytes.
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Figure 3.16

The relative fluorescence change compared to the control for PE-PEG2kDa-

RITC (top) and PE-PEG5kDa-RITC (bottom) - (7,5) SWCNT after being exposed to a panel of

36 analytes.

Sodium cholate (SC) adsorbed SWCNT (Figure 3.12-iv) does not show responses to

the analyte library tested, confirming the tight surface packing reported previously[165].
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In contrast, d(GT);s DNA wrapped SWNT (Figure 3.17-iv) shows non-selective
responses, suggesting a more porous interface composed of consecutive DNA helices that
has also been reported previously [105]. This type of response profile that informs the
accessibility of molecules to the SWCNT surface, as presented in Figure 3.12, Figure
3.17 and Figure 3.18, allows for a unique “fingerprinting” of polymer adsorbed phases in
a manner inaccessible to other analytical techniques such as NMR, FTIR, and UV
absorption in the field of nano-structure characterization. Structural schematics of the
nanotube-complexes were deduced from a combination of polymer molecular structure
and fingerprinted response profile, further supported by SPT data and MD results.

A more complex example is the PEG brush described in Figure 3.17. One brush
segment is alkylated for hydrophobicity such that this segment adsorbs on the SWCNT
surface, while the remaining sites can display a variety of functionalities depending upon
the additional chemistry. When these sites contain Fmoc L-phenylalanine (Fmoc-Phe-
PPEGS), a 7-membered brush structure recognizes L-thyroxine (Figure 3.17b-i), whereas
a 3-membered analog does not (Figure 3.17b-ii). Replacing the Fmoc L-phenylalanine
with amine groups results in a loss of selectivity as well (NH2-PPEGS, Figure 3.17b-iii),
presumably due to the decrease in polymer hydrophobicity. For Fmoc-Phe-PPEGS8 —
SWNT, both the aliphatic chain and the Fmoc group adsorb on the SWCNT. Analogous
to the previous example, the PEG group forms loops extending into the aqueous phase,
imparting colloidal stability.  Additionally, steric hindrance between PEG arms
influences the packing density of Fmoc ends on the SWNT surface, providing additional
control in engineering the molecular recognition site. For NH2-PPEGS8 - SWCNT, only

the aliphatic chain is adsorbed on the surface of the SWNT, while the amine group,
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protonated at pH of 7, will extend into the aqueous phase. The less-selective response
profile of NH2-PPEG8 — SWCNT suggests that there is more empty nanotube surface
compared to the Fmoc-Phe-PPEG8 — SWCNT and is also consistent with the polymeric
structure.

Yet another example is a 53 mol/mol boronic acid-substituted phenoxy-dextran
wrapped SWCNT (BA-PhO-Dex — SWCNT, Figure 3.18a). This emission maximum of
the complex red-shifts approximately 11 nm upon addition of riboflavin, but not with
other diol-containing substrates that typically bind to boronic acids (Figure 3.21, Figure
3.22). The response is revered upon addition of a riboflavin binding protein (RBP),
which binds to riboflavin and competes with the riboflavin - SWCNT binding (Figure
3.23). The optical modulation in this example is a wavelength red-shift instead of a
fluorescence quenching shown in other examples. This type of response, attributed to
solvatochromism[166] induced by a polymer/water environment dielectric change, is
very rare among the systems examined to date. As an example, poly(vinyl alcohol)
wrapped SWCNT (PVA — SWCNT, Figure 3.18-iii) does not show such response to the
molecular library. Removal of the boronic acid to the phenoxy dextran (PhO-Dex)
causes a loss of selectivity, with a response from L-thyroxine (Fig. 3.18-ii). MD
simulation shows that introduction of the boronic acid group decrease the flexibility of
the dextran and increases the surface coverage. Alternatively, sodium dodecyl sulfate
(SDS, Fig. 3.18-iv) adsorbed SWCNT shows a non-selective response, presumably from
a more loosely packed adsorbed layer predicted by other literature[167, 168], allowing
for a greater molecular access to the SWCNT surface. MD simulation shows that

introduction of the boronic acid group makes the dextran less flexible and increases the
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surface coverage. Alternatively, sodium dodecyl sulfate (SDS, Figure 3.18c-iv) adsorbed
SWCNT shows a non-selective responsé, presumably from a more loosely packed
adsorbed layer[167, 168], allowing greater molecular access to the SWCNT surface.
Comparison of radii of various polymer-SWCNT complexes using multiple

characterization methods is available in Table 3.1.
The apparent dissociation constants K, for all three selective constructs span a range

in values, and are tunable by changing the chemical composition of the polymer. The

response, either AI/Ior AA, can be described by a Type I adsorption isotherm, or

A=A, C/(C+K,) (Figure 3.24a-c). We find K, to be 25 uM for RITC-PEG-RITC

— SWCNT to estradiol, 2.3 uM for Fmoc-Phe-PPEG8 — SWCNT to L-thyroxine, and 4.2
puM for BA-PhO-Dex — SWCNT to riboflavin (Figure 3.24a-c). The binding affinity and
selectivity of BA-PhO-Dex — SWNT to riboflavin in a mjxture of 10 different diols is
unaffected, demonstrating the practical utility of the sensor in a mixture environment

(Figure 3.24c). Radio-labeling, in the case of 3H labeled riboflavin, reveals riboflavin

partitioning into the polymer corona of the non-selective PhO-Dex — SWCNT (K, = 344
uM, 6, .. = 50 riboflavin per SWCNT), but the affinity is 5.3 times lower than the

selective construct (K, = 64.2 uM, 6 = 36 riboflavin per SWCNT). In addition, an

equal amount of unbound BA-PhO-Dex polymer as in the BA-PhO-Dex — SWCNT

solution shows K, = 72.4 uM, 6, = 4.4 riboflavin per SWCNT, demonstrating minimal

binding sites on just the polymer alone. It is likely that the K, in this case appears larger

than that measured from SWCNT fluorescence because some of the riboflavin is removed
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as the SWCNT and riboflavin mixture passes the size-exclusion column, shifting the

equilibrium.
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Figure 3.17

Structure of Fmoc-Phe-PPEG4 — SWCNT (b-ii), NH2-PEG — SWCNT (b-iii),
and GTI5-SWCNT (b-iv) and their fluorescence intensity responses to the same panel of
molecules. No selective intensity response is observed among those SWCNT complexes.
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Figure 3.18 Structure of PhO-Dex - SWCNT (c-ii), PVA — SWCNT (c-iii), and SDS —
SWCNT (c-iv) and the shift in emission maximum of the nanotube spectrum upon exposure to
the same library of nanotubes. No selective shifting response is observed among those SWCNT
complexes. For all the panels in this figure, bar chart indicates either intensity (red chart) or shift
(blue chart) response of the polymer-nanotube complexes to the same panel of molecules. The
polymer structure is indicated above the x-axis of the bar chart; and the molecule that the
complex is selective to, if any, is indicated below the x-axis. The simplified molecular
representation is deduced based on either MD results or the chemical structure of the polymer,
supported by additional data such as fluorescence spectroscopy and single particle tracking.
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Figure 3.19  AFM height images of polymer-SWCNT complexes: (a) RITC-PEG-RITC -
SWCNT, (b) FITC-PEG-FITC - SWCNT, (c¢) Fmoc-Phe-PPEG8 — SWCNT, (d) NH,-Phe-
PPEG8 — SWCNT, (e) BA-PhO-Dex — SWCNT, (f) PhO-Dex — SWCNT.
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Figure 3.20a TEM images of RITC-PEG-RITC — SWCNT.
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Figure 3.20b TEM images of Fmoc-Phe-PPEG8 — SWCNT.
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Figure 3.20c TEM images of BA-PhO-Dex - SWCNT.
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Figure 3.21  List of diol-containing molecules used in both competitive binding experiments.
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Figure 3.22  The relative fluorescence intensity change (top) and shift in emission maxima for
BA-PhO-Dex —-SWCNT after being exposed to a panel of diol-containing analytes. (Figure 3.21
shows the molecular structure of those molecules). Concentration of riboflavin is 100 pM,
gluconic acid hydrazide is 100 uM, and others are 500 uM. The concentrations of the first two
compounds are constrained by their solubility.
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Figure 3.23  Reversible quenching of BA-PhO-Dex — SWCNT PL in response to riboflavin.
Addition of 10 uM of riboflavin causes the PL of SWCNT (2 mg/l) to quench; and the addition of
riboflavin binding protein (RBP) of 1:1 ratio, with 0.37 g/l RBP, reverses the quenching response.
Nanotubes were excited at 150 mW with a 785 nm laser.

The structure of the BA-Pho-Dex — SWCNT allows exploration of small changes in
the polymer composition. Dextran alone does not suspend SWCNTs, and the phenoxy
groups create SWCNT adsorption sites via m-stacking[6, 169].  One can alter the

polymer composition in a manner analogous to allosteric mutagenesis in proteins[170,
171] and examine the resulting K, of each variant. The K, for riboflavin decreases with

increasing boronic acid:dextran ratio and decreasing phenoxy:dextran ratio (Figure 3.24¢),

with optimal binding occurring at a SWCNT diameter of 0.88 nm (Figure 3.24f). The K|,

can be decreased 1600 fold to 1.03 puM (Table 3.2), by selecting a polymer composition
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of 80 mol/mol boronic acid:dextran and the (7,6) chirality nanotube. This K is similar

to analyte binding proteins such as glucose binding protein[172] (K, = 0.4 uM). Hence,

the binding affinity of these SWCNT complexes is comparable to some natural-occurring
antibodies and bio-recognition sites. It may be possible to identify and compositionally
tune a wide range of ‘sensor antibodies’ for various analytes with both the polymer and

nanotube contributing to the recognition.

Table 3.2 Tabulation of Kd. BA-PhO-Dex — SWCNT with phenoxy:dextran ratio of 5.75
and boronic acid:dextran ratio of 53.3 was reported in Figure 3.24 c,d.

Phenoxy/Dextran | Boronic Acid/Dextran Ky
(nmolnol) (nol/nol) uM)
SWCNT Species 6,5 (7,5) (10,2) 94 (7,6) 8,6)
5.75 24.18 65.70 | 374293.52 | 54645 | 138.89 6.57 6.39
9.93 47.49 684.93 526.32 203.67 | 23.28 26.98 95.06
8.75 49.66 561.80 1637.33 352.11 35.66 41.15 | 138.12
5.75 533 28.76 133.69 103.95 4.07 4.23 7.64
0 80.91 17.71 168.35 81.90 15.09 1.03 20.10
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Figure 3.24  Apparent binding constants of nanotube antibodies to the molecule of interest,
and the tunability of the binding constant. (a) Fluorescence quenching of (7,5) RITC-PEG-RITC
— SWCNT as a function of estradiol concentration. Dashed lines are fits of the data to a Type 1

Langmuir adsorption isotherm with K, being 25 pM, and (Al/I) . being 0.80. (b)

Fluorescence quenching of (7,5) Fmoc-Phe-PPEG8 — SWCNT as a function of L-thyroxine
concentration. Dashed lines are fits of the data to a Type I Langmuir adsorption isotherm, with

K, being 2.3 pM and (AI'/ 1), being 0.76. (c) Shift in emission maximum of (7,6) nanotube

of as a function of riboflavin concentration for BA-PhO-Dex — SWCNTs (red squares) and PhO-
Dex — SWCNTs (black triangles). Competitive binding curve is also taken for BA-PhO-Dex —
SWCNT where each concentration of riboflavin is also mixed with 10 additional diol-containing

molecules. Dashed lines are fits of the data with a Type I Langmuir adsorption isotherm with K,
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being 4.23 uM and A4, 10.2 nm with and K, being 4.39 yMand A4, 11.5 nm without the

competing analyte. PhO-Dex — SWCNTs shifting response could not be fit to a Type I isotherm.
Reported data points are averages of three separate measurements and reported error bars are 2SD.
(d) Number of adsorbed riboflavin per SWCNT as a function of starting riboflavin concentration,
measured by radio-labeling experiments. Fitting the data with a Type I Langmuir isotherm

reveals a K, of 64.2, 344, 72.4 uM and A8, of 36, 50, 4.4 riboflavin per SWCNT for BA-

PhO-Dex — SWCNT, PhO-Dex — SWCNT, and BA-PhO-Dex — polymer, respectively. For the
case of the polymer, the experiments were performed such that an equal amount of unbound BA-
PhO-Dex polymer as in the BA-PhO-Dex — SWCNT solution were used. (f) Contour plot of 1/

K, of the (7,6) nanotube plotted versus polymer composition. () Contour plot of 1/ K, plotted
as a function nanotube diameter versus the boronic acid content.

Riboflavin, or RF (Figure 3.25) is an essential vitamin for eukaryotic organisms
necessary for cell survival and its transport is typically facilitated by riboflavin carrier
protein (RCP)[173]. Elevated RCP levels may predict late stage (stage III or IV) breast
cancer with 100% accuracy.[174] Once transported into cells, RF is then converted
intracellularly to flavin mononucleotide (FMN) by riboflavin kinase (RFK, EC 2.7.1.26),
and FMN can be further converted to flavin adenine dinucleotide (FAD) by FAD
synthetase (PP591, EC 2.7.7.2). Also, FMN and FAD can be converted back to RF via
FAD pyrophosphatase (EC 3.6.1.18), FMN phosphohydrolase (EC 3.1.3.2), or other

general phosphatases.

HO

OH

Figure 3.25  Structure of riboflavin.
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With a log P value of ~1.46, RF is sufficiently lipophillic to diffuse through biological
membranes. Although RF can freely diffuse in and out of the cell, FAD and FMN are
metabolically trapped within the cell. The high charge density of the phosphate groups
prevents movement of these flavins across the membrane.

Although the isoalloxazine three-ring substructure in RF behaves as a fluorescent
chromophore, the resultant fluorescent signal is difficult to distinguish from background
cellular autofluorescence[175].  Therefore, researchers have been relying on a
rhodamine-riboflavin (RD-RF) conjugate to follow intracellular trafficking of RF[176].
Although previous research has shown that that rhodamine-riboflavin conjugate exhibits
similar ligand affinity toward the putative riboflavin transport system as [*H]riboflavin,
the conjugate itself is twice as big as riboflavin, which may result in a completely
different internalization mechanism from riboflavin. In addition, belonging to the
category of the organic dyes which photobleach upon laser excitation, this RD-RF
conjugate is not suifable for long time monitoring of RF uptake. Therefore, a label-free
cellular riboflavin imaging sensor which can monitor riboflavin in real-time would
certainly contribute to the area of riboflavin detection.

To demonstrate the sensor utility, we incubated BA-PhO-Dex — SWCNT with Raw
264.7 macrophage cells in a riboflavin free medium overnight (Figure 3.26) [25]. Notice
that the fluorescence modulation of the sensor responding to riboflavin is comparable in
the buffer solution and in the medium (Figure 3.27). The home-built nIR, dual-channel
imaging microscope was designed to spatially image the wavelength shifts of the (7, 6)
SWOCNT, Amax = 1147 nm, upon riboflavin binding (Figure 3.11, left panel). The PL of

the SWCNTs inside the cell can be clearly seen using the microscope (Figure 3.11, right
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panel). Upon addition of riboflavin to extracellular media, the PL of SWCNTSs inside the
cell red-shifts systematically over time (Figure 3.26b), responding to the diffusion of
riboflavin into the cell. Multiple experiments have been conducted, and the results are
shown in Figure 3.28. Control experiments have also been conducted, shown in Figure
3.29. Using these results, it is possible to detect riboflavin concentration gradients inside

the cell dynamically and with high resolution. It is the first riboflavin senor to date that
can do real-time cellular imaging without photobleaching threshold.

455 1505 7505 36005
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Figure 3.26  Application to spatial and temporal chemical imaging in live Raw 264.7
macrophage cells. (a) White light image, nIR fluorescence of BA-PhO-Dex — SWCNTs inside
the macrophage before the addition of riboflavin, and the resultant overlay. (b) Time evolution
of the fluorescence from cell-encapsulated BA-PhO-Dex — SWCNTSs in response to extracellular
riboflavin added at time t = 36 s. The emission maximum shifting response is represented by the
normalized intensity of the right channel divided by the normalized intensity of the left channel.
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Figure 3.27  Medium stability of the BA-PhO-Dex — SWCNT sensor. Photoluminescence
spectra, normalized to the initial intensity, of 53 mol/mol BA-PhO-Dex — SWCNT with 0 to 120
puM riboflavin in pH 7.4 buffer (a), Leibovitz’s L-15 cell media (b). Nanotubes were excited at
150 mW with a 785 nm laser.
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Figure 3.28  Application of the nanotube enabled molecular recognition. (a) White light
image of a Raw 264.7 macrophage (different cell from shown in Fig. 4), nIR fluorescence of BA-
PhO-Dex — SWCNTs inside the macrophage before the addition of riboflavin and the resultant
overlay. (b) Time evolution of the fluorescence from cell-encapsulated BA-PhO-Dex —
SWCNTs in response to extracellular riboflavin added at time t = 36 s. The emission maximum
shifting response is represented by the normalized intensity of the right channel divided by the
normalized intensity of the left channel.
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Figure 3.29  Cellular control experiments. (a) White light image of a Raw 264.7 macrophage,
nIR fluorescence of BA-PhO-Dex — SWCNTs inside the macrophage before the addition of
riboflavin and the resultant overlay. (b) Time evolution of the fluorescence from cell-
encapsulated BA-PhO-Dex — SWCNTs in a control experiment where no extracellular riboflavin
is added. The emission maximum shifting response is represented by the normalized intensity of
the right channel divided by the normalized intensity of the left channel. The apparent red shift
might be due to intracellular riboflavin.

In summary, such recognition constructs may be applied to future applications as new
therapeutics, novel chemical catalysts and sensor platforms similar to those demonstrated
in this work. The concept of molecular recognition that stems from a constrained

polymer on a 3-D surface is generic. This concept can also be used in other
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nanotechnology field, such as nanoparticles. The observation that binding affinity can be
tuned through polymer composition modulation indicates a potentially large parameter

space. Additional responses are shown in Figure 3.30 — 3.53.
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Figure 3.30  Fluorescence response of each nanotube species in RTIC-PEG20kDa-RITC —
SWCNTs to 36 different analytes. Top panel: The relative fluorescence change compared to the
control for RTIC-PEG20kDa-RITC - (7,5) SWCNT after being exposed to a panel of 36 analytes.
Bottom panel: The shift in emission maximum of RITC-PEG20kDa-RITC - (7,5) SWCNT after
exposure to each analyte. For both modes of responses, reported response is an average of three
separate measurements, and reported error bars are 2SD.
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Figure 3.31  Deconvoluted spectra of fluorescence response of each nanotube species in
RTIC-PEG20kDa-RITC - SWCNT to 36 different analytes. a, RTIC-PEG20kDa-RITC -
SWCNT control deconvolution. Actual control data is shown in blue, the fitted spectrum is shown
in red and the individual nanotube peaks are shown in black. b, RTIC-PEG20kDa-RITC -
SWCNT fluorescence spectral response to 100 pM 17-a-estradiol. Actual response data is shown
in blue, the fitted spectrum is shown in red, the control spectrum is shown in green and the
individual nanotube peaks are shown in black.

o

B FITC-PEG-FITC - SWCNT |

o
d

Relative Intensity Change
& o
o =]

‘Wavelength Shift (nm)
8330acwsdalo

| (BB FITCPEG-FITC - SWCNT]

Centrel
DMSO
ATP
cAMP
Creatinine
Glycine
Guanesine
Histamine
NADH
Quinine
Ribofiavin
Salicylic acid
Urea

L-Ascorbic acid

Cytidine

D-Aspartic acid

Sucrose
Thymidine

Adenesine
D-Fructese
D-Galactose
D-Glucose
D-Mannose
Dopamine
L<Citrulline
L-Histidine
L-Thyrexine
Melatonin
Serotonin
Sodium azide
Sodium pyruvate
Tryptophan
Tyramine

17 -alpha-estradiel
2 A-Dinitrophenel

Acetyl choline chloride
alpha-Tocopherol

Figure 3.32  Fluorescence response of each nanotube species in FITC-PEG20kDa-FITC -
SWCNTs to 36 different analytes. Top panel: The relative fluorescence change compared to the
control for FITC-PEG20kDa-FITC - (7,5) SWCNT after being exposed to a panel of 36 analytes.
Bottom panel: The shift in emission maximum of FTIC-PEG20kDa-FITC - (7,5) SWCNT after
exposure to each analyte. For both modes of responses, reported response is an average of three
separate measurements, and reported error bars are 2SD.
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Figure 3.33  Deconvoluted spectra of fluorescence response of each nanotube species in
FITC-PEG20kDa — SWCNT to 36 different analytes. a, FITC-PEG20kDa-FITC — SWCNT
control deconvolution. Actual control data is shown in blue, the fitted spectrum is shown in red
and the individual nanotube peaks are shown in black. b-f, FITC-PEG20kDa-FITC — SWCNT
fluorescence spectral response to 490 uM dopamine (b), 100 uM L-thyroxine (c), 490 uM
melatonin (d), 100 uM riboflavin (e), 490 uM tyramine (f). Actual response data is shown in
blue, the fitted spectrum is shown in red, the control spectrum is shown in green and the
individual nanotube peaks are shown in black.
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Figure 3.34  Fluorescence response of each nanotube species in PE-PEG5kDa — SWCNTs to
36 different analytes. Top panel: The relative fluorescence change compared to the control for
PE-PEG5kDa — (7,5) SWCNT after being exposed to a panel of 36 analytes. Bottom panel: The
shift in emission maximum of PE-PEG5kDa — (7,5) SWCNT after exposure to each analyte. For
both modes of responses, reported response is an average of three separate measurements, and
reported error bars are 2SD.
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Figure 3.35  Deconvoluted spectra of fluorescence response of each nanotube species in PE-
PEGS5kDa — SWCNT to 36 different analytes. a, PE-PEG5kDa — SWCNT control deconvolution.
Actual control data is shown in blue, the fitted spectrum is shown in red and the individual
nanotube peaks are shown in black. b-f, PE-PEG5kDa — SWCNT fluorescence spectral response
to 490 uM dopamine (b), 100 uM L-thyroxine (¢), 490 uM melatonin (d), 100 uM riboflavin (e),
490 uM tyramine (f). Actual response data is shown in blue, the fitted spectrum is shown in red,
the control spectrum is shown in green and the individual nanotube peaks are shown in black.
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Fluorescence response of each nanotube species in SC — SWCNTS to 36 different
analytes. Top panel: The relative fluorescence change compared to the control for SC - (7,5)
SWCNT after being exposed to a panel of 36 analytes. Bottom panel: The shift in emission
maximum of PE-PEG5kDa — (7,5) SWCNT after exposure to each analyte. For both modes of
responses, reported response is an average of three separate measurements, and reported error
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Figure 3.37  Deconvoluted spectra of fluorescence response of each nanotube species in SC —
SWCNT to 36 different analytes. a, SC — SWCNT control deconvolution. Actual control data is
shown in blue, the fitted spectrum is shown in red and the individual nanotube peaks are shown in
black. b-e, SC — SWCNT fluorescence spectral response to 510 uM a-tocopherol (b), 490 uM
dopamine (¢), 100 uM L-thyroxine (d), 490 uM melatonin (d), 100 uM serotonin (e). Actual
response data is shown in blue, the fitted spectrum is shown in red, the control spectrum is shown
in green and the individual nanotube peaks are shown in black.
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Figure 3.38  Fluorescence response of each nanotube species in Fmoc-Phe-PPEG8 -
SWCNTs to 36 different analytes. Top panel: The relative fluorescence change compared to the
control for Fmoc-Phe-PPEGS8 — (7,5) SWCNT after being exposed to a panel of 36 analytes.
Bottom panel: The shift in emission maximum of Fmoc-Phe-PPEG8 - (7,5) SWCNT after
exposure to each analyte. For both modes of responses, reported response is an average of three
separate measurements, and reported error bars are 25D.
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Figure 3.39  Deconvoluted spectra of fluorescence response of each nanotube species in
Fmoc-Phe-PPEG8 — SWCNT to 36 different analytes. a, Fmoc-Phe-PPEG8 — SWCNT control
deconvolution. Actual control data is shown in blue, the fitted spectrum is shown in red and the
individual nanotube peaks are shown in black. b-c, Fmoc-Phe-PPEG8 — SWCNT fluorescence
spectral response to 480 uM 2,4-dinitrophenol (b), 100 uM L-thyroxine (¢). Actual response data
1s shown in blue, the fitted spectrum is shown in red, the control spectrum is shown in green and
the individual nanotube peaks are shown in black.
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Figure 3.40  Fluorescence response of each nanotube species in Fmoc-Phe-PPEG4 -
SWCNTs to 36 different analytes. Top panel: The relative fluorescence change compared to the
control for Fmoc-Phe-PPEG4 — (7,5) SWCNT after being exposed to a panel of 36 analytes.
Bottom panel: The shift in emission maximum of Fmoc-Phe-PPEG4 — (7,5) SWCNT after
exposure to each analyte. For both modes of responses, reported response is an average of three
separate measurements, and reported error bars are 25D.
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Figure 3.41
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Deconvoluted spectra of fluorescence response of each nanotube species in
Fmoc-Phe-PPEG4 — SWCNT to 36 different analytes. a, Fmoc-Phe-PPEG4 — SWCNT control
deconvolution. Actual control data is shown in blue, the fitted spectrum is shown in red and the
individual nanotube peaks are shown in black. b-d, Fmoc-Phe-PPEG4 — SWCNT fluorescence
spectral response to 480 UM 2.4-dinitrophenol (b), 100 pM L-thyroxine (¢), 100 uM riboflavin
(d). Actual response data is shown in blue, the fitted spectrum is shown in red, the control
spectrum is shown in green and the individual nanotube peaks are shown in black.
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Figure 3.42  Fluorescence response of each nanotube species in NH,-PPEG8 — SWCNTSs to
36 different analytes. Top panel: The relative fluorescence change compared to the control for
NH,-PPEGS8 - (7,5) SWCNT after being exposed to a panel of 36 analytes. Bottom panel: The
shift in emission maximum of NH,-PPEGS8 - (7,5) SWCNT after exposure to each analyte. For
both modes of responses, reported response is an average of three separate measurements, and
reported error bars are 2SD.
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Figure 3.43  Deconvoluted spectra of fluorescence response of each nanotube species in NH,-
PPEGS8 - SWCNT to 36 different analytes. a, NH,-PPEG8 — SWCNT control deconvolution.
Actual contro]l data is shown in blue, the fitted spectrum is shown in red and the individual
nanotube peaks are shown in black. b-f, NH,-PPEG8 — SWCNT fluorescence spectral response
to 490 uM dopamine (b), 500 UM L-ascorbic acid (c), 100 uM L-thyroxine (d), 490 uM
melatonin (e), 490 uM tyramine (f). Actual response data is shown in blue, the fitted spectrum is
shown in red, the control spectrum is shown in green and the individual nanotube peaks are
shown in black.
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Figure 3.44 Fluorescence response of each nanotube species in GT;s — SWCNTs to 36
different analytes. Top panel: The relative fluorescence change compared to the control for GT;s
- (7,5) SWCNT after being exposed to a panel of 36 analytes. Bottom panel: The shift in
emission maximum of GT,5 — (7,5) SWCNT after exposure to each analyte. For both modes of
responses, reported response is an average of three separate measurements, and reported error
bars are 2SD.
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Figure 3.45
GTs— SWCNT to 36 different analytes. a, GT ;s — SWCNT control deconvolution. Actual control
data is shown in blue, the fitted spectrum is shown in red and the individual nanotube peaks are
shown in black. b-h, GT;s— SWCNT fluorescence spectral response to 490 uM dopamine (b),
510 uM histamine (c), 500 uM L-ascorbic acid (d), 100 uM L-thyroxine (e), 490 uM melatonin
(f), 510 uM NADH (g), 100 uM riboflavin (h). Actual response data is shown in blue, the fitted
spectrum is shown in red, the control spectrum is shown in green and the individual nanotube
peaks are shown in black.
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Figure 3.46  Fluorescence response of each nanotube species in BA-PhO-Dex — SWCNTs to
36 different analytes. Top panel: The relative fluorescence change compared to the control for
BA-PhO-Dex — (7,5) SWCNT after being exposed to a panel of 36 analytes. Bottom panel: The
shift in emission maximum of BA-PhO-Dex — (7,5) SWCNT after exposure to each analyte. For
both modes of responses, reported response is an average of three separate measurements, and
reported error bars are 2SD.
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Figure 3.47  Deconvoluted spectra of fluorescence response of each nanotube species in BA-
PhO-Dex — SWCNT to 36 different analytes. a, BA-PhO-Dex — SWCNT control deconvolution.
Actual control data is shown in blue, the fitted spectrum is shown in red and the individual
nanotube peaks are shown in black. b-c, BA-PhO-Dex — SWCNT fluorescence spectral response
to 490 uM dopamine (b), 100 uM riboflavin (¢). Actual response data is shown in blue, the fitted
spectrum is shown in red, the control spectrum is shown in green and the individual nanotube
peaks are shown in black.
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Figure 3.48  Fluorescence response of each nanotube species in PhO-Dex — SWCNTs to 36
different analytes. Top panel: The relative fluorescence change compared to the control for PhO-
Dex — (7,5) SWCNT after being exposed to a panel of 36 analytes. Bottom panel: The shift in
emission maximum of PhO-Dex — (7,5) SWCNT after exposure to each analyte. For both modes
of responses, reported response is an average of three separate measurements, and reported error
bars are 2SD.
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Figure 3.49  Deconvoluted spectra of fluorescence response of each nanotube species in PhO-

Dex — SWCNT to 36 different analytes. a, PhO-Dex — SWCNT control deconvolution. Actual
control data is shown in blue, the fitted spectrum is shown in red and the individual nanotube
peaks are shown in black. b-h, PhO-Dex — SWCNT fluorescence spectral response to 500 uM L-
ascorbic acid (b), 100 uM L-thyroxine (¢), 100 uM riboflavin (d). Actual response data is shown
in blue, the fitted spectrum is shown in red, the control spectrum is shown in green and the

individual nanotube peaks are shown in black.
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Figure 3.50  Fluorescence response of each nanotube species in PVA — SWCNTs to 36
different analytes. Top panel: The relative fluorescence change compared to the control for PVA
— (7,5) SWCNT after being exposed to a panel of 36 analytes. Bottom panel: The shift in
emission maximum of PVA — (7,5) SWCNT after exposure to each analyte. For both modes of
responses, reported response is an average of three separate measurements, and reported error
bars are 2SD.
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Figure 3.51  Deconvoluted spectra of fluorescence response of each nanotube species in PVA
— SWCNT to 36 different analytes. a, PVA— SWCNT control deconvolution. Actual control data
is shown in blue, the fitted spectrum is shown in red and the individual nanotube peaks are shown
in black. b-i, PVA — SWCNT fluorescence spectral response to 100 uM 17-a-estradiol (b), 490
UM dopamine (c), 500 pM L-ascorbic acid (d), 100 uM L-thyroxine (e), 490 UM melatonin (f),
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510 uM NADH (g), 100 uM seratonin (h), 490 uM tyramine (i). Actual response data is shown
in blue, the fitted spectrum is shown in red, the control spectrum is shown in green and the

individual nanotube peaks are shown in black.
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Figure 3.52

Fluorescence response of each nanotube species in SDS — SWCNTs to 36

different analytes. Top panel: The relative fluorescence change compared to the control for SDS

— (7,5) SWCNT after being exposed to a panel of 36 analytes.

Bottom panel: The shift in

emission maximum of SDS — (7,.5) SWCNT after exposure to each analyte. For both modes of
responses, reported response is an average of three separate measurements, and reported error

bars are 2SD.
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Figure 3.53  Deconvoluted spectra of fluorescence response of each nanotube species in SDS
— SWCNT to 36 different analytes. a, SDS — SWCNT control deconvolution. Actual control data
is shown in blue, the fitted spectrum is shown in red and the individual nanotube peaks are shown
in black. b-n, SDS — SWCNT fluorescence spectral response to 100 uM 17-a-estradiol (b), 480
UM 2,4-dinitrophenol (¢), 540 uM acetylcholine chloride (d), 510 uM a-tocopherol (e), 490 uM
dopamine (f), 510 uM histamine (g), 500 uM L-ascorbic acid (h), 110 uM L-citruline (i), 100 uM
L-thyroxine (j), 490 uM melatonin (k), 100 uM riboflavin (I), 490 pM salicylic acid (m), 100 uM
serotonin (n). Actual response data is shown in blue, the fitted spectrum is shown in red, the
control spectrum is shown in green and the individual nanotube peaks are shown in black.
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4 2D Equation-of-state Model for Small-molecule
Analyte Adsorbing onto the Single-walled Carbon

Nanotube Surface

4.1 Overview

Single-walled carbon nanotube (SWCNT) fluorescence-based sensors are an emerging
field of research. Recent experimental efforts have been focusing designing and
synthesizing polymer wrapped carbon nanotubes that can detect molecules of interest.
However, the challenge remains to engineer the nano-interface such that the detection is
selective. Previous research has explored the concept of “molecular recognition” at this
nano-interface where adsorbed phases created by different polymer-SWCNT complexes
exhibit distinct fluorescence responses to various analyte molecules. A theoretical frame
work that can provide insight into the mechanism for these responses and guide the
design of future polymer synthesis is desirable, but so far unexplored. In this work, we
modeled analyte molecules adsorbing onto the polymer-SWCNT surface using a
modified thermodynamic model that was originally developed for describing competitive
adsorption of surfactants at air-water interface, with model parameters determined with
molecular simulations. The model provides physical insight into the key molecular
parameters that govern the competitive adsorption between the analyte of interest and the
hydrophobic segment of the polymer on the SWCNT surface. The resulting model is able
to correctly predict 83% of the fluorescence responses from a recent experimental paper

within 20% error of the experimental values.

144



Molecular Recognition Using Nanotube-Adsorbed Polymer Complexes Jingging Zhang

4.2. Motivation

Single-walled carbon nanotubes (SWCNTSs) are rolled graphene sheets that possess
near-infrared (nIR) bandgap fluorescence. Since the discovery of its fluorescence in
2002[10], SWCNT fluorescence-based detection for analyte of interest has becoming an
emerging field of research. SWCNT fluorescence based sensors have been developed for
detecting various analytes, including B-D-glucose[24], DNA hybridization[49], divalent
metal cations[22], assorted genotoxins[163], nitroaromatics[177], nitric oxide[25, 32],
pH[26] and the protein avidin[153]. Many properties of SWCNTs enable them to be
ideal sensing materials[18], especially for biological applications, and those properties
include near-infrared fluorescence excitation and emission which do not overlap with the
auto-fluorescence or absorption spectrum of the cell medium, blood or tissue; photo-
stable emission of SWCNT; and single-molecule sensitivity to the analyte of interest[26-
30, 32].

The main challenge in designing these sensors is determining how to engineer the
nanotube interface such that it is selective for the analyte of interest. So far, most of the
efforts have relied on suspending SWCNT in various polymer wrappings that have
known interactions with the molecules of interest [24, 25, 49]. A new concept is to create
polymer-SWCNT structures where the “adsorbed phase” can selectively recognize the
molecules of interest through steric hindrance[32], Van de Waals interactions or
electrostatic interactions[178]. Early work has explored this concept by screening
fluorescence intensity change of various polymer-SWCNT complexes against a panel of
molecules, thus providing the “fingerprint” of the polymer-SWCNT construct. Three

examples were discussed in Section 3 (Figure 3.12, 3.17 and 3.18): a series of similar
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polymers wrap around a SWCNT and the corresponding fluorescence response profiles
show distinct ‘fingerprints” to a panel of analytes. We do not intend to repeat ourselves;
however, for the completeness of this chapter alone, the example shown in Figure 3.12 is
revisited here in Figure 4.1. In this example, for instance, the first polymer-SWCNT,
RITC-PEG-RITC-SWCNT (Figure 4.la), shows selective response to estradiol, a
hormone molecule in the human body; however, the other polymer-SWCNT complex,
FITC-PEG-FITC-SWCNT (Figure 4.1b), does not show the same selectivity. Predicting
the structure of the adsorbed polymer phase on nanoparticles is an unsolved problem in
literature; and it is even more difficult to derive selectivity of polymer wrapped SWCNT
towards analytes of interest. We thus aim to provide a simple but practical theoretical
platform that is able to describe the adsorbed phase created by such polymer-SWCNT

constructs, and provide insight to those distinct fluorescence responses.
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Figure 4.1 Structure and analyte-response profile of two polymer — SWCNT complexes. (a,
b) Polymer structure, schematics of polymer-SWCNT complex, and front and side views
calculated from MD simulation for RITC-PEG-RITC — SWCNT (a) and FITC-PEG-FITC (b).

146



Molecular Recognition Using Nanotube-Adsorbed Polymer Complexes Jingqing Zhang

The schematics are deduced from a combination of polymer molecular structure and fingerprinted
response profile, supported by MD results. (c, d) Bar charts that show intensity change of RITC-
PEG-RITC — SWCNT (c) and FITC-PEG-FITC — SWCNT (d) against a panel of 35 biological
molecules. RITC-PEG-RITC — SWCNT show selective quenching response upon addition of
100 pM estradiol, but FITC-PEG-FITC - SWCNT show non-selective response profile.

4.3 2D EOS Model Formulation

We assume that the optical fluorescence modulation (intensity increase or decrease)

of a SWCNT sensor shown in Figure 4.1 (Al /1)) is directly proportional to the analyte

coverage on the SWCNT surface, v ,
2 po.
0 (1)

where S is the coefficient that correlates the relative intensity change to the surface
coverage of a specific analyte-polymer pair. Adsorption of certain analytes modulates
the electronic structure of the SWCNT to a greater degree than others, leading to a more
significant optical change and a larger value of # . Analytes modulate SWCNT
fluorescence intensity via two major routes, either bleaching the valence-band
electrons[16, 24] or quenching excited-state electrons[17]. Ideally, B can be estimated
by calculating the overlap between the density of states of SWCNT and the unoccupied
~ states of the electron-accepting molecules using Marcus theory [179-182]. The electronic
states of those molecules can potentially be estimated from density functional theory.
However, SWCNT are exitonic in nature. The actual calculation of g will in fact involve
proper estimation or measurement for excited state lifetime, which are polymer-wrapping

dependent. In addition, the polymer wrapping also modulates the redox level of the

SWCNT, complicating the estimation of £. In reality, there is currently not a way to
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readily estimate 4 with confidence. Therefore, we experimentally determine the value
of B once assuming that £ is unique to each analyte and is polymer-independent.

Specifically, we chose two reference polymers, poly vinyl alcohol and FITC-PEG-FITC
(Figure 4.1), the combination of which provide a relatively complete response profile for

all the analytes in our library. We use a response-weighted estimate,

B = ﬂPVA (AI / IO )PVA + ﬁFITC—PEGfFITC (AI / IO )FITC—PEG—FITC

, since a large intensity response
(AI/IO )PVA + (AI /IO)FITC—PEG—FITC

is a more reliable indicator of #. B is only computed once using the two reference
polymers, and all other polymer-SWCNT construct predictions use this same estimated
B.

The analyte surface area coverage 0 is determined through a competitive adsorption
process between the analyte and the polymer at the water-SWCNT interface. However,
this would rely on an accurate prediction of the structure of thé adsorbed polymers.
Molecular dynamics simulation can provide such analysis but the large system sizes
(>100,000 atoms) and time scales (microseconds) required to simulate the adsorption of
the long (>5 kDalton) polymer chains used in this work makes such an approach
currently computationally infeasible. Most literature efforts have instead focused on
DNA adsorbed SWCNT [6, 108-111, 183-187], or the adsorption of small molecules like
surfactants[165, 188-190], block copolymers[191, 192]. Even in these limited cases, it is
difficult for these studies to reach the timescales necessary for complete adsorption
equilibrium and instead make assumptions about the coverage of molecules on the
surface. Other approaches have been attempted in literature to model polymer chains

attached to various surfaces using statistical polymer theories[193-195], Monte Carlo
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simulations[196, 197], but these do not provide the molecular description of the surface
necessary to determine if analytes can adsorb.

For the polymers we have in the library, the hydrophobic “anchors” preferentially
adsorb onto the SWCNT surface whereas the hydrophilic segments extend into aqueous
phase. The unique properties of the polymers allowed us to further reduce the size of the
problem by assuming that only the hydrophobic “anchors” compete with the analytes for
the SWCNT surface, and that the contribution of the hydrophilic segment is negligible.
This is a good assumption only if the polymer has only a few hydrophobic anchors such
that those anchors behave independently of each other. Polymers PE-PEG, RITC-PEG-
RITC, and FITC-PEG-FITC (in Figure 3.12) belong to this class of polymers, and are
expected to be better represented by the model.

We modeled the competitive adsorption of polymer anchors or surfactant molecules,
and analytes to the SWCNT surface using a thermodynamic model originally developed
for modeling a layer of various surfactant molecules at an air-liquid interface[198]. The
original model describes a thermodynamic equilibrium between surfactant molecules
adsorbed at the interface and those present in the bulk aqueous solution. The same model
is used here to describe the competitive adsorption of the polymer anchors and the
analyte molecules on the SWCNT surface, illustrated in Figure 4.2. SWCNT is treated as
a single layer of graphene, essentially neglecting the curvature effects to further simplify
the problem. This is reasonable because for each polymer, all chiralities of SWCNTs
show similar response, although the degree of responses may vary. We designate species

1 as the polymer “anchor” and species 2 as the analyte molecule. Adsorbing molecules

are modeled as adsorbing hard discs with molecular radius 7 and area 4, in equilibriumn
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with a bulk monomer with mole fraction x,. The free energy difference between
molecules on the surface and the bulk is affected by the standard state adsorption free
energy, Ay = 17" — 1”°, Van der Waals interactions between molecules on the surface

(captured with the second-order virial coefficient B;) and hard-sphere repulsion. B;; and
B2, describe self-interaction of the molecules, whereas B;, (and equivalently Bj;)
describe interactions between the analyte and polymer “anchors”. The original model has
also been extended to include electrostatic and double-layer effects from ionic molecules.
However, in our case the assumption of a single double layer is complicated by the
hydrophilic portion of polymer extending around the SWCNT. Since our analytes and

polymers are mostly neutral we neglect these effects in this work.

Figure 4.2 Equilibrium of polymer “anchors” (1) and the analyte molecules (2) adsorbing on
the SWCNT surface. Each species on the surface is in thermodynamic equilibrium with the same
species in the bulk solution.
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The thermodynamic equilibrium between the analytes in the bulk solution and at the

air-water interface is described by the equation of state shown in equation 2.

o0 _ b0 s s S )2
K —H +In( X ai+2ﬂ.’;zkxk’;c + ”ai(zkxkrk) +gz B i
ko Tk

In(x,) = —)+ : :
l sl a=2, %% “‘kak“k (a—Z:kx,iak)2 a )

where x; represents the molar fraction of species i on the surface. a is the area occupied

per adsorbed surfactant molecule. A,u? = ,ui"’o = ,uib’o defines the standard-state chemical

potential difference of surfactant molecules of type i at the surface and in the bulk

N
, x
solution. It is important to note that units for the ln(——f—s—) term are accounted for
a-), xa
k%

with an adjustment of A,uio by approximately 6 kcal/mol, corresponding to the units of

square angstroms for the molar surface area, a™. This system of equations leads to one
equation for each species present - in our case, two species - with the additional
constraint that all molar fractions must add to unity, Z .x =1. Specifically, we have the

following equations:

0 s

s s S s 2
1n(x“)=A'u‘ +1n( le : +a1+272'7‘i(x1"1tx2r2)+ ”al(‘xslri+x§rz) 2+E(an§+B”x;)(3)
k,T a—-(xa +x,a,) a—(x'a,+xa,) (a—(xa +xa,))" a

x5 a, +2xr (X' + xr. a,(X’r +xr) 2
2 & (X 2)+ (ynt+xn) +Z(B,x' +B,x}) 4)
a

In(x,) = 22 4 1n(
k,T a—(xja, +xa,) a-(xla,+xa,)  (a-(xa +xa,))’

X +x, =1(5)
with three unknowns: the surface mole fractions x,x; and the average area per

molecule, a. The bulk mole fractions x;;, %, are known from experimental preparation.

For surfactants such as SDS and SC, bulk solutions were prepared with total surfactant

concentrations above the critical micelle concentration (CMC), so the monomer
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concentrations x;; were set to the CMC. Molecular volumes for each molecule are
accessible using either experimentally determined parameters from the Van der Waal
equation of state, or estimated from the molecular structure. % and a; are computed with
the molecular volume under the assumption that the molecules are spherical. B;;, B;, B;»,
and Ay, Ay, can be estimated with molecular simulations, and detailed discussions are
in later sections. Thus, for each pair of various polymers and analytes, we can solve for
(x;,x,,a) given the parameters (rl,rZ,al,az,Bn,B]é,Bzz,Aﬂf ,A1t)) by solving equations
of (3) — (5). Once (x{,x;,a) are determined, the analyte surface coverage is calculated
using

N
= D%

9 =
a (6)

cal

To calculate the analyte surface area €

cal

it is necessary to estimate
A, M8, B,, BBy, . A’ AL, B,,, B,,,B,,, were computed using a series of all-atom
molecular dynamics simulations. The MD simulations were performed by Zackary Ulissi,
a graduate student in our research lab. The simulation was run in the software NAMD,
with CharMM Force field parameters for the sp2-carbon atoms in nanotube/graphene
were obtained from previous work[199] and parameters for the large variety of analyte
and polymers were obtained automatically by the CGenFF force field and
parameterization tool[200]. The tool compares the molecule of interest with existing
molecules in the database, searching for the most accurate parameters for the simulation.
However, CGenFF force field was unable to automatically type some of the molecules in

this study, which include one analyte molecule, sodium azide, and two wrapping anchors,
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boronic acid, and d(GT)15. Since sodium azide was not observed experimentally to
influence the SWCNTSs[178] so it is excluded from the results here. We also did not
include d(GT);s in this model but it will be part of our future work. For boronic acid, we
approximated the boron atom using nitrogen, and the resulting molecule was typable in
CGenFF. In many cases the CGenFF analogy was poor, but the molecular parameters

were used as a first approximation to avoid prohibitively expensive manual
parameterization using quantum mechanical simulations. Ay} was computed using an

adaptive biasing force simulation in NAMD. Specifically, the molecule of interest was
placed in between two (3nm x 3nm) graphene sheets at a 6 nm separation, with periodic
boundary conditions in all directions (Figure 4.3a). TIP3P water molecules then solvated
the system, which was taken from an equilibrated water sample at room temperature and
a pressure of 1 bar, and excess charge in the system was neutralized with counter-ions
(Na* or CI') depending on the simulation. The system was then equilibrated briefly under
the NVT ensemble at room temperature for another 100 ps. The potential of mean force
for the molecule of interest between the two graphene sheets was then computed using an
adaptive biasing force (ABF)[201] simulation allowing the molecule to freely move. The
potential of mean force was expected to converge as the potential of mean force became

nearly symmetric (due to the symmetry of the system) and the energy minimum near the
graphene surface was sufficiently resolved (Figure 4.3c). The calculated A are

summarized in Table 4.1.
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Figure 4.3 Molecular simulation of the molecules of interest. (a) Simulation cell of a
salicylic acid molecule surrounded by water in between two graphene sheets. (b) The chemical

structure of salicylic acid. (¢) Two examples of A,ui0 calculation: A,u,,.O calculated from the
simulation as a function distance from the graphene surface for salicylic acid, and PVA.

B, captures the van der Waals interactions between molecule i and k, or self-

interactions, and is defined as a correction to the hard-sphere model of intermolecular

interactions. B, is defined as[202]

B, =2z r . [1=exp(u, (r) /KT rdr 2

where u, (r)is the interaction energy between molecules i and k relative to infinite
separation (no interaction) and 7,7, are the appropriate hard sphere radii from above.

u, (r)is affected by the environment in that the ensemble average of the potential at a
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given distance depends on the local environment and water solvation (making certain
molecule-molecule orientations more or less likely). However, as a first approximation
to these parameters we calculated the energy between various molecules for distances

ranging from 3A to 100A for a single set of molecular orientations using the same
CHarMM/CGenFF force field parameters as above. The resulting B, parameters are

summarized in Table 4.2. Future work is necessary to compare the potential curves
measured in this way to ones obtained from solvated simulations. Parameters including r;
a;, B, are provided in the supplementary materials (Table 4.3).

If one of the species adsorbs at the interface much more strongly than the other,
computationally (x =1,x, =0)or (x] =0,x; =1) results. The latter case indicates that it

is possible that addition of analytes pushes the polymer anchors almost completely off the
SWCNT surface, which was not observed experimentally. In our model, we treated
polymer anchors as individual molecules, and as if they are not connected by the
backbone of the polymer. Therefore, if adsorption of certaiﬁ analytes is predicted to be
much stronger than that of the polymer anchors, the model indicates that anchors are
expected to be pushed off the SWCNT surface. However, in the actual experiments, since
the anchors are inter-connected, only if all of anchors in the same polymer are off the
SWCNT surface at the same time, the polymer is kinetically trapped onto the SWCNT

surface. In other words, the model here does not account for this “kinetically trapping”

effect of the polymer. In those special situations where either (x =1,x; =0) or
(x; =0,x, =1)is computed from the model, we compared values of 4 of the polymer
a

“foot” and the competing analyte assuming only one of them is present in the bulk, and
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assign the one with the larger value to be the species present on the SWCNT surface.
This criterion is consistent with the adsorption energy calculations shown in Figure 4.3.
In other words, when the model predicts that the anchors of the polymers completely

desorb from the surface as a result of strong analyte binding, we simply consider

(x; =L x; =0) to avoid numerical problems in the calculation.
Adsorption
without
response
©
o
D
en ]}
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Figure 4.4 Calculated intensity response, 36

7 » as a function of experimental intensity

modulation, Al /1. Purple region indicates that modeled responses are within 20% error of the

actual responses, which accounts for 83% of total amount of data. Orange is the “false positive”
region (13.1%), where model overpredicts over 20%; and gray is the “false negative” region
(3.7%) where model underpredicts the response more than 20%.

4.4 Conclusions

The accuracy of the model was tested by comparing the model response 36

tat 1O
experimental measurements for a library of analytes and SWCNT wrappings[178], shown
in Figure 4.4. Using this model, 83% of the fluorescent responses (374 data points) were
predicted to within 20% error of their experimental values (green area in Figure 4.4).
However, for a small subset of cases (3.7%, red in Figure 4.4), the model underpredicts
the experimental intensity modulation by more than 20%. Therefore, this 2D EOS based
model decently captures the physics of competitive adsorption between the analytes and
the polymer “anchors”, and is the first full-predictive model for this type of problem.

A further test of the model is its ability to model the adsorption isotherm of the
analyte, illustrated in Figure 4.5. Binding isotherms of estradiol to RITC-PEG-RITC -
SWCNT and L-thyroxine to Fmoc-Phe-PPEG8 are shown in Figure 4.5; and we were
able to fit the isotherm with our model using B, and B as fitted parameters.

Future work is necessary to extend this model to more accurately resemble the
experimental situation, and to the accuracy of the necessary molecular parameters.
Further consideration should be given to the effect of hydrophilic connections between
polymer “anchors”, which inhibit the free adsorption of the anchors onto the SWCNT

surface. In some cases the assumption of a molecular monolayer on the SWCNT surface

may also be a poor one, especially if it is possible for the polymer chains to hinder
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analyte access to the SWCNT surface. In addition, the force field parameters determined
automatically need to be refined and verified. Finally, we anticipate that calculation of
S from quantum mechanical calculations should be possible, and that doing so would
allow the model to be fully predictive (no experimental determination for B even just on

two cases).
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Figure 4.5 2D equation model describing analyte binding data. (a) Fluorescence quenching

of (7,5) chirality of RITC-PEG-RITC - SWCNT as a function of estradiol concentration (red).
Dashed black lines are fits of the data to the 2D EOS model with B of 1 and By, of —400 A%, (b)
Fluorescence quenching of (7,5) chirality of Fmoc-Phe-PPEG8 — SWCNT as a function of
thyroxine concentration (red). Dashed black lines are fits of the data to the surface-adsorption
model with B of 3.2 and By, of —1150 A’ Data were taken with three replicates, and error bars are
28D.

4.5 MD Calculated Parameters
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Table 4.1

A,ul.o of the polymer “anchors” and analytes in the library (data highlighted in red

is less accurate than the rest of the values due to convergence problems in the simulation)
Ap (kcal | mol)

17-alpha-estradiol 16.9 NADH 30.9
24-Dmitrophenol 15.0 Quinine 18.2
Acetylcholine chloride 1.5 Riboflavin 24.7
alpha-Tocopherol 25.9 Salicylic acid 13.0
Adenosine 15.5 Serotonin 14.0
ATP 22.7 S(xﬁu[npyruvate 9.0
cAMP 16.5 Sucrose 14.3
Creatinine 10.9 Thymidine 16.9
Cytidine 16.0 Tryptophan 16.2
D-Aspartic acid 9.6 Tyramine 11.6
D-Fructose 11.5 Urea 9.2
D-Galactose 10.7 BA-PhO-Dex 127
D-Glucose 11.7 PhO-Dex 11.6
D-Mannose 173__| RITCPEGRITC |0
Dopamine 13.1 HTC-PEGHTC 15.6
QGlycine 85 PE-PEG 16.9
Guanosine 18.1 SC 165
Histamine 10.7 SDS 18.0
L-Ascorbic acid 13.2 PVA 8.8
L-Citrulline 10.5 Fmoc-Phe-PPEGB 15.3
1-Histidine 10.2 Foc-Phe-PPEG4 153
L-Thyroxine NH2-PPEGS 8.1
MElatonin 20.3

159



Molecular Recognition Using Nanotube-Adsorbed Polymer Complexes Jingqing Zhang
Table 4.2 Bj; values pairs of (analyte, and polymer anchor)
BA-PhO- | PhODex [RITCPEG]RTCPRG] PEPEG | SC SDS PVA |Froc-Phe-| FocPhe-| N2
Dex RITC HTC PPEB | PPB3: | PPERB
17-alpha-estradiol 54.1 432 400 73.5 25 1645 41.6| 29 1216 1216 2.7
2,4-Dinitrophenol 37.9 31.0 48.9| 54.8] 31.4 157.1 30.0 31.5 84.1 84.1 18.0
Acetylcholine chloride 30.6 26.1 40.2} 46.1 213 107.9 23.7 26.1 66.8] 66.8] 14.4
alpha-Tocopherol 287.2] 154.9] 215.5 305.1 1359 10755.5 111.5 1625 769.1 769.1 PB4
Adenosine 81.9 9.1 33.6| 114.9 569 1275.4 55.1 80.7 205.6| 295.6| 40.4
ATP 76.9 64.6) 131.8 178.6 104.2) 11023 61.9) 60.6) 194.6| 194.6| 33.3
cAMP 148.1]  1254] 1319 2150 1020 6622 780 1474 5004 594 53.9
Creatinine 425 298 39.2] 45.4 249 1334 2.1 303 85.3 85.3 17.9
Cytidine 54.1 46.3 664 80.8 433 3921 40.9| 44| 1452 1452 26.5
D-Aspartic acid 35.5 26.1 383 39.3 21.6| 111.4] 21.2} 27.1 75.4 75.4 15.7
D-Fructose 4.3 42.2| 52.8 63.3 33.6| 222.3 35.2 45.9 144.4 144.4 26.4
D-Calactose 433 3.8 47.7 55.7 302 1881 30.0 368 1B.6 1036 21
D-Gucose 710 415 55.5 715 366] 3858 353 518 2448 2448 33.7
D-Mannose 47.1 38.8 51.2 60.6 323 244.7 32.6) 42.9 121.8 121.8 24.9
Doparmine 323 269 43.6f 46.7 26.4 128.8 27.8] 27.0) 65.4 65.4 15.3
Gycine 21.8 18.2 23.0 27.6) 15.4) 80.7 15.1 19.8 52.6/ 52.6) 12.0
CGimnosine 190.6| 154.7] 132.8 243.1 9.0 1127.2] 84.8 270.6 493.8 493.8 104.6
Histamine 29.7 227 33.9 38.8 20.7 96.6 215 23.2 59.3 59.3 13.6
L-Ascorbic acid 42.6| 32.2) 46.1 54.1 30.1 169.9 28.4f 32.6) 2.4 92.4 20.3
L-Girulline 325 26.6) 41.0 49.3 279 124.9 24.1 26.1 68.2] 68.2] 14.9
L-Histidine 70.7) 41.5 50.9] 61.0 304 182.0) 33.2 42.9 137.9 137.9] 26.6
L Thyroxine 41.2] 37.8 77.0 80.1 5120 1694 46.4) 354 11500 1150, 19.3
Melatonin 904 53.0 76.9 88.2) 473 3567 41.6| 502 1679  167.9 31.7
NADH 600.4 460.5] 259.00 17885 890.3] 75321.8] 2004 500.5] 1019.6] 1019.6 122.9
Quinine 783.2] 664.6 239.1 T73.2) 1909 11194 168.8 328.7 370.5] 370.5] 155.6
Riboflavin 500.0) 450.0) 189.5 414.4 150.6) 12239 154.9 264.2) 492.3 492.3 97.8
Salicylic acid 30.6) 26.2 38.6| 43.9) 24.8 123.8 24.5] 27.0) 66.3] 66.3 15.7]
Serotonin 37.0 314 46.6 55.3 301 1457 287 31.9 79.1 79.1 17.7
Sodium pyruvate 24.8 20.2 26.1 31.2 17.4 87.1 17.1 21.6 57.7 57.7 13.0
Sicrose 1822) 187 1214 1452 61.2] 7662 8L3| 1173 5851 5851 55.2
Thymidine 80.4 52.9 71.4 3.8 467 4721 41.0) 533 1928 1928 323
Tryptophan 37.5 310 48.4 55.3 306 1313 287 3L1 74.7 74.7 17.1
I yramine 28.4f 24.9 40.0 429 245 114.6) 24.5 24.9 56.2] 56.2 13.4
Urea 25.0 20.1 22.4 28.7 14.9) 85.5 15.1 2.7 65.1 65.1 127

(highlighted values are adjusted according to response isotherm)
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Table 4.3 r; and B;; values of analyte molecules and polymer anchors
Cherrical A | B, A Cherrical rA | B, A
17-alpha-estradiol 4.55 -71.50 Melatonin 4.26 -92.20
2.4-Dmnitrophenol 3.62 -42.80 NADH 4.95 -2715.10
Acetylkcholine chloride 3.97 -32.20 Quinine 4.78 -327.90
alpha-Tocopherol 5.63 |-103075.40 Riboflavin 4.84 -904.90
Adenosine 4.05 -1626.30 Salicylic acid 343 -34.60
ATP 4.66 -453.20 Serotonin 3.89 -42.70
cAMP 4.17 -520.30 Sodium pyruvate 2.H -20.40
Creatinine 3.36 -38.90 Sucrose 4.35 -960.40
Cytidine 3.96 -139.00 Thymidine 3.9 -372.30
ID-Aspartic acid 3.37 -41.40 Tryptophan 3.99 -47.60
D-Fructose 3.4 -125.70 Tyramine 3.67 -30.30
D-Galactose 354 -76.40 Urea 2.59 -21.00
D-Ghcose 3.53 -326.30 BA-PhO-Dex 3.67 -20.02
D-Mannocse 3.54 -137.60 PhO-Dex 3.59 -22.20
Doparrine 3.72 -33.80 RITC-PEG-RITC 5.52 -96.40
Qycine 2.93 -15.70 HTC-PEGHTC 4.98 O8.70
QGuanosine 442 -903.80 PE-PEG 472 -37.20
Histarmine 3.31 -30.20 SC 4.81 -641.04
L-Ascorbic acid 3.44 -59.00 SDS 4.64 -32.29
L-Gitrulline 3.78 -38.20 PVA 33 -2.80
I-Histidine 3.51 -70.80 Firoc-Phe-PPEGR 4.07 -238.20
L-Thyroxine 484 8370 | Fooc-PhePPEGA | 407 | 23820
NH2-PPEGB 4.37 -8.20
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S A Rapid, Quantitative, and Label-Free Detection

Platform for Cardiac Biomarker Troponin T

5.1 Nanosensor-based Direct and Label-free Detection for
Protein  Biomarkers; Engineering towards Point-of-care
Diagnostics.

5.1.1 Advantage and Motivation of Using Direct and Label-free Method for
Protein Bio-marker Detection

Biomarkers are proteins, microRNA, DNA or DNA fragments, either circulating in
body fluid (blood, serum, urine) or presented on diseased cell surfaces, that are indicative
of certain disease states. This section of the review focuses on protein biomarkers.
Biomarker discovery and detection are two intermingled but parallel fields. The former
focuses on the development of multiplexed, sensitive tools that can screen and compare
body samples collected from large populations of healthy people and diseased patients, in
order to identify new biomarkers. In this case, the body fluid samples can be pre-treated
before analysis takes place (blood cell removal, serum protein removal, etc.); in addition,
for screening such large sample populations, fast detection methods are desired, but not
necessary. In contrast, biomarker detection focuses on rapid, sensitive detection of
known biomarkers with minimal sample pre-processing, in order to diagnose certain
diseases in a timely and accurate fashion. The two areas have different purposes and use
different tools, but they also share some common problems and solutions. This section of
the review will only focus on the area of biomarker detection and will not cover
biomarker discovery techniques, but readers can refer to other review articles for the

topic of biomarker discovery, specifically: (Ray, et al. Proteomics, 2011[203]) on label-
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free methods, (Hua, et al. Bioanalysis, 2011[204]) on nano-LC-based methods, (Roy, et
al. Brief. Bioinform, 2011 [205]) on mass spectroscopy data analysis, and (Larguinho, et
al. Journal of Proteomics. 2012 [206]) on nanoparticle-based proteomics methods. There
are also some recent advanced in technologies regarding biomarker discovery [207-209].
The biggest focus on bio-marker detection is point-of-care (POC) diagnostics. The
global market for POC diagnostics, valued at $13.8 billion in 2011, is expected to grow to
$16.5 billion in 2016, according to a new report on point-of-care diagnostics from BCC

research (http://www.bccresearch.com/). The fastest growing segment, cardiac biomarker

detection, is projected to increase at a CAGR (the five-year compound annual growth rate)
of 14%, increasing from $1 billion in 2011 to $2 billion in 2016. The market grows at
such a high rate simply because the detection of certain biomarkers, especially at low
concentration, is the key to diagnosing the onset of some critical diseases, such as cancer,
enabling the timely treatment of patients, and reducing medical costs.

Methods for biomarker detection can be divided into two separate categories, labeling
methods, and label-free methods. Traditional POC protein biomarker detection
techniques mostly rely on bench-top, commercialized, multistep antibody-based immuno-
assays, such as ELISA (enzyme-linked immunosorbent assay), which is a labeling
method. A typical sandwich ELISA involves the following steps: 1) application of the
primary antibody; 2) application of the desired target protein, which binds to the primary
antibody; 3) removal of the unbound target protein by washing; 4) application of labeled
secondary antibody, which binds to the target protein at a different location from the
primary antibody; 5) removal of the unbound secondary antibody. The process described

here has not even accounted for necessary blocking steps to reduce non-specific binding.
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In addition, each steps typically requires 20 — 30 minutes of incubation for the antibody-
antigen binding to occur. Despite widespread-usage and recent advances, even in portable
POC devices[210, 211], labeling assays have many limitations. The main problem is that
the ELISA assay requires so many steps of sample application and washing, making it
tedious, labor-intensive, and time consuming. The intermediate washing steps, designed
to reduce non-specific signal, intrinsically restrict the usage of this technique to strong
binding pairs.

There are also many other labeling methods being developed besides ELISA.
However, in general, any assays that require fluorescently-labeled proteins face a variety
of problems. Chemically labeling a protein can affect its native structure, reducing its
binding affinity. Additionally, fluorescent labeling often occurs randomly on the protein
surface, resulting in heterogeneous populations of proteins. Both factors can adversely
affect test results[212]. Further, such assays require a pair of antibodies, with one
antibody serving as the capture protein, while the other serves to label the target protein.
The development of such antibody pairs, both of which have high specificity towards the
targeted protein, is difficult and expensive, limiting the widespread applicability of label-
based assays [213].

These limitations have motivated many research and commercial labs to develop
novel detection tools that are direct and label-free, but still sensitive toward low-
concentrations of protein biomarkers. This section of the review will present an overview
of direct and label-free techniques for POC biomarker detection, as well their advantages,

challenges, and potential solutions.
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5.1.2 Overview of Nanosensor-based Label-free Techniques, Challenges and
Innovative solutions.

Label-free technologies include (1) field-effect transistors[214, 215], (2) other
electrical methods, including cyclic voltammetry[216] and impedimetric sensors[217,
218], and (3) spectroscopy or fluorescence-based methods[219-221]. In order to fit the
overall content of this review, the focus will be on biomarker detection using nano-sensor
devices. Within the field of nano-sensor biomarker detection, various nano-materials
have been used, including (1) nanowires [214], (2) nanoparticles[219], (3)
nanoclusters[222], (4) microspheres[223], (5) gold nanorods (see review Xu, et al. 2011
[224] for reference), and (6) carbon nanotubes [218, 225].

Although label-free and direct detection methods are more desirable for the reasons
mentioned above, these techniques have only been developed fairly recently and also face
many challenges. One of the main problems associated with any label-free method is the
elimination of non-specific adsorption. Unlike a sandwich ELISA assay where many
washing steps are involved to remove non-specifically bound proteins or secondary
antibodies, many label-free methods only involve one step of sample application, and no
washing is required. This is advantageous, because the overall assaying process is much
simpler, and therefore, much less time consuming; however, this also requires that the
assay technique be intrins‘ically resistant to non-specific adsorption from undesired
proteins. The ultimate goal of this type of detection is to be able to detect low-
concentration biomarkers in human serum or whole blood directly, with minimal sample
pre-treatment at POC. To date, many researchers have come up with innovative methods

to reduce or even eliminate non-specific adsorption. In particular, coating the sensor
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surface with passivating agents, ‘including PEG molecules[226-228], certain
surfactants[215], or zwitterionic molecules[229, 230] is the most commonly used method
to resist non-specific protein adsorption. Second, microfluid channels can be engineered
to remove blood cells or certain proteins existing in whole blood samples [210]. Third,
smart hydrogels, or membranes with particular pore-sizes, can be synthesized such that
they exclude large and abundant proteins such as human serum albumin (HSA),
increasing their sensitivity toward low molecular weight biomarkers [231, 232].

In addition to the common problem of non-specific adsorption, each technology also
has its own challenges. This review will discuss each technology, its own challenge and

potential solutions, with a summary and side-by-side comparison provided in Table 5.1.

5.1.3 Different Nano-sensor Based Label-free Techniques and Comparisons
5.1.3.1 Field-effective transistors (FETs)

Silicon nanowire FETs (SiNW) have recently attracted tremendous attention as a
potentially useful tool for biomarker detection. Chen et. al. recently published a
comprehensive review on this topic[233]. In this section of the review, we do not intend
to re-write a new review on this topic, but would like to mention a few examples which
address two of the common problems in the SINW or NW field, including non-specific
adsorption and low sensitivity towards specific biomarkers at high ionic strength
(physiologically relevant).

The Zhou group at UCLA has demonstrated a very promising FET consisting of
In,O3-nanowires[214]. The scheme of the device is shown in Figure 5.1a. In this scheme,
specific antibodies are reacted with carboxylic acid groups on the In,Os; nanowire, and

the nanowire is then treated with 50 ug/ml Tween 20 for 1 hour, prior to addition of target
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proteins. The sensor is only sensitive at an ionic strength equivalent of 1.5 mM phosphate
buffer saline (PBS). Therefore, for target protein detection, the authors have to either
dilute, or desalt the serum in order to match the ionic strength. Figure 5.1b shows the
sensor response to an epithelial ovarian cancer biomarker, CA-125 in 100x diluted serum
with detection limit of 0.1 U/ml (0.5 pM). Figure 5.1c shows the sensor response to
another epithelial ovarian cancer biomarker, IGF-II after the serum has been desalted, and
the detection limit is reported to be 8 ng/ml. Note that technically this technique cannot
be directly used for either serum or whole blood, due to the low ionic strength
requirement. However, the sensitivity of detection is rather low if the ionic strength of
serum can be adjusted, and therefore, this technique can still find utility for real sensing
applications. A comparison between the sensor’s detection limit and the physiologically
relevant concentration of those biomarkers is summarized in Table 5.1. In addition, it was
also reported that without Tween 20 treatment, the FET device shows non-specific
response to serum, and is unable to detect CA-125 (Figure 5.1d-2). However, after
Tween-20 treatment, the non-specific response is eliminated, and the sensor is able to
respond to CA-125 in 100x diluted serum (Figure 5.1d-3), with a similar response to that

obtained in buffer (Figure 5.1d-1).
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Sensor scheme and detection process. (a) Schematic of system configuration. (b)

CA-125 detection in 100x diluted human serum, with detection limit of 0.1 u/ml (0.5 pM). (c)
IGF-II detection in desalted serum, with detection limit of 8 ng/ml. (d) Device configuration and
real-time sensing response for (d-1) unpassivated CA-125 nanosensor in buffer, (d-2)
unpassivated CA-125 nanosensor in serum, and (d-3) Tween 20-passivated nanosensor in serum
(inset: structure of Tween 20). (Figure adopted with permission from reference[214]. Copyright
2011 American Chemical Society)
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As we can see from this previous work, one of the major challenges of FET sensors is
the low ionic strength operating requirement (usually < 1 mM). However,
physiologically relevant salt concentrations are much higher, at approximately 150 mM.
This difficulty results from the fact that as the concentration of the salt increases, the
Debye length decreases. Immunoglobulin G (IgG) antibodies are estimated to have a
height of approximately 14 nm, a width of 8.5 nm, and thickness of 4.0 nm[234-236].
Once the Debye length decreased to the extent that it is much smaller than antibody size,
the FET can no longer detect the changes in the local charge environment which result
from a binding of the target molecule. Although researchers can either dilute the blood or
serum sample, or use desalting methods to decrease the ionic strength of the sample, there
are a few drawbacks: (1) Diluting the sample requires the senor to have a very good
detection limit, which could be difficult to attain in some instances; (2) dilution may
affect the pH and salt concentration, resulting in undesired signal; and (3) some of the
target biomarker may be lost during the desalting procedure. Therefore, a FET sensor that
can operate at physiologically relevant salt concentrations is desirable.

Identifying this problem, the Sung group developed a new type of processing scheme
to allow the FET to operate at physiologically relevant ionic strengths[215]. The scheme
is shown in Figure 5.2a and 5.2b. After the antibodies are immobilized, a reference buffer
that is at low ionic strength is injected into the Si-FET (step I); then human serum
containing the target antigen flows through the FET sensor to promote target protein
binding (Step II); finally, the original reference buffer is flowed through FET to exchange
the serum (step III). If the target antigen is still bound to the immobilized antibody‘, the

conductance level will differ from the original level, and the difference can be measured.
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With this method, a detection limit of 0.2 ng/ml was attained, with quantitative detection

of the biomarker between 0.2 to 114 ng/ml for carcinoembryonic antigen (CEA).

(b)
reference butfer (C)
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Figure 5.2 FET-based sensor structure and detection. (a) FET-based sensor structure
immobilized with antibodies and detection of negatively charged antigen and (b) schematic
illustration of novel immunodetection using the FET-based sensor in serum. (¢) The dependence
of antigen-antibody affinity on the ionic concentration of the reaction buffer tested by using
sandwich ELISA. Calibrated CEA concentration plot for reaction buffers with various ionic
concentrations demonstrated by using the ELISA. (Reprinted from reference [215] (2010), with
permission from Elsevier.)
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Figure 5.3 Schematic of SWCNT sensor on quartz substrate for real time electronic
detection of biomolecules; transistor electrodes are fabricated perpendicular to the growth
direction and the quartz substrate is directly used as biosensors by adopting liquid gating
configuration. (Reprinted from reference [225] (2010), with permission from Elsevier.)

To explore novel materials, the Mhaisalkar group developed an aligned carbon
nanotube FET device which is schematically depicted in Figure 5.3[225]. Theoretically,
the alignment minimizes the tube-to-tube contact resistance, thereby improving the
conductance, and ultimately the overall performance of the device. Using this device

geometry, they were able to achieve a detection limit of 100 pM of PSA in PBS buffer.

5.1.3.2 Other electrical measurements

The Merkogi group developed a novel nanochannel-based detection method, shown

in Figure 5.4[232]. The formation of the immunocomplexes, inside the pores, produces a
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partial blockage of the ionic species passing through the nanochannel, resulting in a
decrease in the current signal. The voltammetric behavior can be monitored by cyclic
voltammetry or differential pulse voltammetry (DPV). This method was originally
designed to be label-free, however, with a label-free approach, the detection limit was
found to be only 500 ug mL™" of human IgG using 200nm-pore membranes. Therefore,
the authors used gold nanoparticle tags to further block the signal, resulting in increased
sensitivity. The optimized detection limit toward IgG was 50 ng/ml.

The authors further applied this technique to detect cancer biomarker CA15-3, with a
detection limit of 52 Ug/ml in whole blood. One benefit of this method is that it does not
require any pre-sample preparation, since the membrane pores are able to effectively

block blood cells from passing through, thereby eliminating interference effects.

Fe*?

A

Fe*?

Figure 5.4 Protein sensing scheme from Merkoci group. Center: Protein sensing technology
using an AAO nanoporous membrane. The cells in the sample remain outside the pores and the
proteins enter inside and are recognized by specific antibodies. Right: Sensing principle in the
absence (A) and presence (B) of the specific protein in the sample and in the case of the sandwich
assay using AuNP tags (C). Left: SEM images of a top view and cross-sectional view of the AAO
nanoporous membrane containing 200-nm pores, and confocal microscopy image of a top and
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cross-sectional view 5 pm in depth from both sides of the membrane. (Reprinted from reference
[232] (2011), with permission from John Wiley and Sons.)

The Igbal group has [237] developed a gold break-junction that, after attachment of
anti-EGFR aptamers, can be used to detect EGFR at a detection limit of 50 ug/ml (see
Figure 5.5). However, physiologically relevant EGFR concentrations in cancer patients
are typically 45-78 ng/ml [237], and can be as low as 200 fmol/ml (27 ng/ml)[238].
Therefore, with the current sensitivity, this method is not yet suitable for biological
applications. In addition, non-specific background binding is fairly significant, even with

blocking reagent.

Figure 5.5 A 3D sketch of the device that demonstrates the mechanism of the electronic
detection (not to scale). The inset shows an SEM micrograph of the thin Au line on the SiO; chip.
Arrow in the inset shows where the scratch is made with FIB. (Figure reprinted from reference
[237] with permission from IOPP Publishing 2012).
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5.1.3.3. Impedimetric based methods:

The Mayer group reported a label-free impedimetric aptasensor for lysozyme
detection based on carbon nanotube-modified, screen-printed electrodes[218]. The
detection scheme is shown in Figure 5.6. In this case, electrodes are modified with
carbon nanotubes, taking advantage of the high surface area and electron-acceptor
properties of the carbon nanotubes. The limit of detection was calculated to be

12.09 pg/ml (equal to 862 nM).

VAV

LT L - .- £ E g o
Z'tobem

Figure 5.6 Impedimetric based device sensing scheme. Before (1) and after (2)
immobilization of amino-linked DNA aptamer onto the surface of MWCNT-SPEs and (3) the
interaction of LYS with APT and by using EIS measurement. Representative Nyquist diagrams
show the EIS measurements for (a) bare (unmodified) electrode, (b) APT-modified electrode, and
(c) APT+LYS-modified MWCNT-SPEs. (Reprinted from reference [218] (2012), with
permission from Elsevier.)
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Figure 5.7 Schematic diagram of the immunosensor setup used in the experiments. The
sensor houses four anti-CRP-functionalized NCD samples, allowing the simultaneous
measurement of four conditions. (Reprinted from reference [239] (2011), with permission from
Elsevier.)

The Michiels group developed an Impedimetric, diamond-based immmunosensor for
the detection of C-reactive protein (CRP) [239]. The sensor setup is displayed in Figure
5.7. Nanocrystalline diamond (NCD) is coated with anti-CRP antibodies, functioning as
working electrodes, and are mounted on a copper back contact using silver paste. The
device is connected with an impedance analyzer to monitor frequency change upon
binding of CRP onto the sensor surface. The sensor has a detection limit of 10 nM,
below the physically relevant value of 25 nM; however, the authors have only tried to run

one test (500 nM) in serum, so the sensitivity limit under these conditions is unknown.
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5.1.3.4. Spectroscopy or Fluorescence-based methods

The Ren group reported a one-step immunoassay for cancer biomarker detection
using resonance light scattering correlation spectroscopy (RLSCS)[219] . Technically,
this technique does require labeling, however it avoids washing steps that are needed in
many traditional labeling immunoassay, and therefore, we included this work in the
review. GNP-Ab1 and GNP-AD2 express the bioconjugates of antibody-1 and antibody-
2 with GNPs. The immunocomplex expresses a sandwich immunocomplex with GNP—
Abl and GNP-Ab2. The diffusion time of gold nanoparticles (GNP) increases upon
binding of the antigen, and the change in diffusion time can be captured and analyzed by
RLSCS. The detection method is very sensitive, with linear range from 1 pM to 1 nM in
serum. However, the instrumentation is fairly complicated. In addition, the linear range
only applies at low concentration, and therefore, the authors need to dilute healthy
samples by 400x, and diseased patient samples by 4,000x, in order to work within the
linear range.

The Suri Group[220] developed a Zeta potential-based colorimetric immunoassay for
the direct detection of diabetic marker HbAlc using gold nanoprobes. Without target
protein present, the aggregating capability of antibody functionalized GNPs increase as
salt concentration increases. Addition of the target protein (HbAlc) prevents the
aggregation. Because GNP solutions change color from red to blue upon aggregation, this
color change can be used to indicate the presence of the target protein. The detection
shows a dynamic response range from 0.001-0.004 mg/ml for glycosylated hemoglobin

HbA 1c with a detection limit of 0.0015 mg/ml.
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Figure 5.8 Schematic representations of detection mechanism of the aptasensor for VEGFes.
(A) In the absence of target molecules, VEGF¢s, unfolded VEGF 45 aptamer is electrostatically
bound to a positively charged PLL-coated gold nanoparticle (GNP) surface and surface-enhanced
fluorescence (SEF) of Cy3B conjugated with the VEGF¢s aptamer is created by both a metal
interaction increasing the radiative fluorescent decay rate of Cy3B and the local surface plasmon
resonance (LSPR) enhancing the intensity of an incident light. (B) The interaction of the VEGF s
aptamer to its target induces the reversible conformation change of the aptamer and, consequently,
the decreased electrostatic binding force. (C) As a result, the target-binding interaction of the
aptamer causes the irreversible detachment of the aptamer from the GNP surface and avoids the
SEF effect of Cy3B. (Figure reprinted with permission from reference [221]. Copyright 2012
American Chemical Society)

The Lee group devised a detection scheme for vascular endothelial growth factor-165
(VEGF¢s), a predominant biomarker of cancer angiogenesis, by taking advantage of
surface plasmon enhancement[221]. The scheme is shown in Figure 5.8. In the absence of
VEGF, unfolded VEGF aptamer is electrostatically bound to a positively charged PLL-
coated GNP surface; because the aptamer is labeled with Cy3B, adhering it close to the
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surface creates surface-enhanced fluorescence. Addition of VEGF pulls the specific
aptamer off the gold surface, and the previously enhanced fluorescence disappears. The
sensor has a high selectivity towards VEGF with linear detection from 25 pg/mL to 25
pg/mL (=from 1.25 pM to 1.25 uM) in buffer. However, the sensor shows weak
interaction towards human serum albumin (HSA). Specifically, at physiologically
relevant concentrations, VEGF (2.5 ng/ml) and HSA (40 mg/mL) show similar signals.
Finally, the advantages, disadvantages, sensitivities and applications of different

techniques are summarized in Table 5.1.
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Table 5.1 Summary of advantage, disadvantage, sensitivity and application of different
techniques.

Al s Physiological
Detection Method Sampl:in 9 pre g vanmge'sadvantages _tuon oncentration in[Reference
processing? S Diseased Patients

1.25 (500 pe/mLto 8 ngimL| (221]

179



Molecular Recognition Using Nanotube-Adsorbed Polymer Complexes Jingqging Zhang

5.2 Introduction for Troponin T Detection

Every year, about 935,000 Americans have an acute myocardial infarction (AMI, or
heart attack)[241]. As a result, cardiovascular disease has been ranked the No. 1 cause of
death for both men and women for more than a decade, with 600,000 death every
year[242]. Each minute that heart tissue is deprived of oxygen during AMI, cell death
rate increases, and cardiac function is permanently lost. A rapid, reliable and cost-
effective diagnostic tool for point-of-care (POC) AMI detection is very imperative.

Human cardiac troponin I and T (¢TnT and cTnl) are the international standard
protein biomarkers used to diagnose AMI[9]. ¢TnT is released from contractile apparatus
via proteolytic degradation into the blood during AMIL cTnT’s half-life is thought be 120
minutes in patient samples[243], and appears to be stable at room temperature and 4°C,
even after many freezing-thawing cycles. A conventional troponin assay requires the
patient sample to be sent to an in-house laboratory, and assay requires many sample
loading and washing steps, taking more than 2 hours to complete[244]. State of the art
troponin detection technologies have been extended to operate at the POC to shorten the
otherwise lengthy time lag. To date, troponin assays are mainly pioneered by large
diagnostic companies including Alere, Abbott, Roche, and Siemens, and a list of
techniques they have developed are summarized and compared in a review published
earlier this year [9]. Most of those assays are fairly sensitive with detection limit ranging
from 0.01 to 0.9 ng/ml. These techniques fundamentally all rely on integrated
microfluidic or capillary devices to separate blood cells and perform many cycles of
sample loading and washing, are complicated and expensive to manufacture and maintain.

In addition, an intravenous blood draw is necessary to be able to supply enough sample
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volume for each test, and therefore a certified physician or professional must be on site,
which is expensive, but also limits the access of the device from many other health care
settings besides hospital. Therefore, there is still an increasing need in developing a
much simpler but still rapid POC assay that only requires a minimal sample volume, such
as a finger-pricked blood drop. This will potentially better enable prompt and accurate
diagnoses for AML

With the recent advances in nanotechnology, many research labs have developed
novel assays that take advantages of useful properties of nano-materials[245-263]. The
Dong lab, for instance, developed an gold nanoparticle based fluorescence anisotropy
assay to measure ¢TnT and cTnl in 10% plasma, with a detection limit of 15 pM (~60
pg/ml for cTnT). The primary antibody recognizes a peptide that has been fluorescently
labeled, and the secondary antibody is labeled with gold nanoparticles. Troponin
competes with the peptide to the primary antibody binding site, resulting in a decrease in
fluorescence anisotropy[262]. The Aslan lab developed an microwave accelerated metal-
enhanced fluorescence assay to detect ¢Tnl from whole blood with a detection limit of
0.05 ng/ml, and the assay is completely within 1 min [257]. The Shankar group
developed an fluorescent immunoassay based TiO, nanotubes with the detection limit of
0.1 pg/ml for cTnl in buffer [263]. These are pioneering research efforts, performed by
research labs, on ¢TnT or c¢Tnl detections that have demonstrated high sensitivity and
selectivity. Although most of them are still at early-stage, those novel assays provide
promises for potential POC detection for AML

In this work, we have demonstrated a novel near-infrared fluorescent assay specific

for cTnT detection, using single-walled carbon nanotubes (SWCNT). SWCNTSs are rolled

181



Molecular Recognition Using Nanotube-Adsorbed Polymer Complexes Jingqing Zhang

grapheme cylinders with nanometer-sized diameters. They fluoresce in the near-infrared
(nIR), where blood and tissue are most transparent and there is minimal auto-
fluorescence[37] and exhibit no reported photobleaching threshold[19-21]. Moreover, the
one-dimensional electronic structure of SWCNTs imparts a greater sensitivity to
adsorbates than other, higher dimensional structures. Electron-donating or -accepting
groups can increase or decrease emission[24, 25, 153] with single molecule sensitivity[26,
32, 264]. These properties make SWCNTs particularly advantageous as sensors in
biological media (reviewed in [18], such as whole blood, making them suitable for the
potential usage in a POC setting. Previously, our laboratory, as well as others, have used
SWCNT as nIR fluorescent sensors for D-glucose[24], divalent metal cations[22],
assorted genotoxins[163], nitric oxide[25, 32], pH[26], DNA hybridization[49], protein
avidin[153], and protein-protein interactions[265]. In the current work, we developed a
rapid, label-free and quantitative SWCNT sensor array that specifically detects cTnT.
Comparing with traditional ELISA assay and other labeling methods, this method is
simple, and does not require a secondary antibody. Fluorescent SWCNT itself transduces
signal, providing a sensing readout. In this work, we also developed two new chemical
characterization assays that allow us to quantify amine and carboxylic acids in a soft gel,
providing a useful assay tool for characterizing the mostly widely used chemical groups
in soft gels, which other researchers working with soft gels or hydrogels may find interest

n.
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5.3 Experimental Section

5.3.1 Materials

Anti-cTnT antibody and ¢TnT were purchased from AbCAM. S-4FB and His6 Tag-
HyNic (Cat. No. SP-E001-010) were purchased from Solulink. Printer tips (ceramic, 190
um orifice, 0.75 inch long, catalog number 6002-0365) were purchased from BioDot.
PTFE printed slides with poly-l-lysine adhesive surface (24 well/3 mm, slide ID: 24-30)
were purchased from Tekdon. TNBSA (2.,4,6-trinitrobenzene sulfonic acid) was ordered
from Thermo Scientific. Acetic acid, chitosan, succinic anhydride, N-(3-
dimethylaminopropyl)-N"-ethylcarbo  diimide =~ hydrochloride = (EDC-HCl),  N-
hydroxysuccinimide (NHS), Na,Na-bis(carboxymethyl)-L-lysine (NTA) and nickel (II)
sulfate were purchased from Sigma-Aldrich. SWCNT was purchased from Unidym
(unpurified), and purified through hexane/water extraction, and dried overnight before
usage. The human blood sample was provided courtesy of MGH, Blood Donor Center
through Dr. Christopher Stowell, and received as a gift from Tatyana Shatova. The

sample was collected with an acid-citrose-dextrose anticoagulant.

5.3.2 Chitosan-SWCNT Suspension

Chitosan (15kDa MW) was first dissolved at 0.25 wt% in 1 wt% acetic acid. 12 mg
Unidym SWCNT was mixed with 40 ml of the chitosan/acetic acid solution and tip-
sonicated with a 6 mm sonication tip (Cole-Parmer) at 48% amplitude for 45 min, in an
ice bath. The sample was centrifuged at 16,100 RCF for 180 minutes (Eppendorf
Centrifuge 5415D). Afterwards, the supernatant was collected and the pellet discarded.

UV absorption at 632 nm was used to estimate the concentration of the SWCNT with &¢3,
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= 0.036 (mg/l)"cm'l. A typical SWCNT concentration was between 23-37 mg/l (Figure

5.94).
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Figure 5.9 Typical absorption spectrum of a chitosan-SWCNT suspension (2 times diluted,
black) in comparison with a 2 wt% sodium cholate suspended SWCNT solution (red) (a) and the
corresponding SWCNT fluorescence of the Ni/NTA/chitosan-SWCNT sensor array (b).

5.3.3 Chemistry and printing of chitosan-SWCNT sensor array.

To explore reaction conditions, chitosan-SWCNT solution and glutaraldehyde/H,O
solution at various concentrations (0.25v/v%, 0.025v/v%, 0.0075v/v%, 0.00375v/v%)
were prepared in two separate wells in a 24 wellplate, and transferred to the microarray
printer (Digilab MicroSys). Relative humidity was set to be 80%. The robotic head of
the printer was programmed to alternate between dispensing the SWCNT solution and
glutaraldehyde through two separate printing tips, 0.125 pl at a time, and 8 layers total
per spot (2 pl per spot). The amine groups on the chitosan-SWCNT will crosslink
themselves inside the gel, as well as with the lysine on the glass surface. After
immobilizing the chitosan-SWCNT for 7 or 14 hours, the glass slides were washed with
0.01 M NaOH and H,O alternatingly three times to remove unreacted glutaraldehyde and

acetic acid. The slides were then immersed into a 45 ml solution of succinic anhydride
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(450 mg/45 ml, or 0.1M) in phosphate buffer (500 mM, pH = 8) for another 12 hours.
After washing four times with H,O (5 min each), the glass slides were activated with a
mixture of EDC (863 mg, 0.1M) and NHS (575 mg, 0.11M) in 45 ml MES buffer (0.1 M,
pH = 4.7) for 2 more hours. After washing with H,O, each well on the glass slide was
exposed to 20 pl of NTA (0.1 M) dissolved in water or phosphate buffer (500 mM, pH =
8) for 4, 8 or 20 hours. After washing with water for four times, the glass slides were
ready for experiments. All the chemistry steps were performed at room temperature.

For the optimized chip, 0.00375v/v% glutaraldehyde was chosen to react with the
chitosan-SWCNT for 7 hours, followed by 12 hour of succinic anhydride reaction, 2 hour
of EDC/NHS activation, and 20 hour of NTA reaction (0.1 M, phosphate buffer (500 mM,

pH =38)).

5.3.4 6xHis-tag conjugation of antibodies and characterization.

Anti-cTnT antibody was exchanged to modification buffer (100 mM total phosphate,
150 mM sodium chloride, pH 7.4) using Zeba spin columns (Pierce Biotechnology, Cat.
No. 89889). A stock solution of S-4FB/DMSO at 18 mg/ml was pre-made and stored in a
desiccator until being used. 5 molar equivalents of S-4FB was added to the Anti-cTnT
antibody, and allowed to react for 2 hours at RT. The reaction mixture was then
exchanged to conjugation buffer (100 mM total sodium phosphate concentration, 150
mM sodium chloride, pH 6.0). His6 Tag-HyNic was dissolved in conjugation buffer at a
concentration of 10 mg/ml. 10 equivalents of the peptide (to the original protein molar
equivalent) were added to the antibody solution followed by addition of TurboLink
catalyst (1/10th of the protein volume). The reaction was allowed to proceed for 2 hours
at RT. The 6xHis-Anti-cTnT antibody was purified by another Zeba spin column,

185



Molecular Recognition Using Nanotube-Adsorbed Polymer Complexes Jingqing Zhang

exchanging it to standard PBS 1x buffer (pH = 7.2). The protein/PBS solution was
aliquoted into multiple Eppendorf tubes, and stored at -20°C before usage. The

conjugation was quantified by UV absorption at 354 nm following the protocol provided

by Solulink (Figure 5.10).
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Figure 5.10  Typical absorption spectrum of 6xHis-Anti-Trop antibody in PBS. Protein
concentration was determined by Aygo = 1.4 (mg/ml)”" cm™, and degree of His-tag conjugation was
quantified by €355 = 29,000 M cm™".

5.3.5 High-throughput Screening of Chitosan-SWCNT Against a Panel of
Proteins.

The chitosan-SWCNT solution was diluted using phosphate buffer (50 mM, pH = 7.4)
to a final SWCNT concentration of 2 mg/l. A panel of proteins that were recombinantly
expressed in E. coli in house were added to the SWCNT solution in a 96-well format,
such that the final concentration was 10 pg/ml, and the mixture was incubated for 1 hour
at room temperature. The resultant fluorescence of the SWCNT was measure using a
home-built near-infrared microscope with an automated stage control that is compatible

with a 96-well plate. The details of the spectroscopy setup is similar to that is previously
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published in literature [32, 265]. Briefly, a Zeiss AxioVision inverted microscope was
coupled to a Princeton Instruments InGaAs OMA V 1-D array detector through a PI
Acton SP2500 spectrometer. The sample was excited using a 50x objective by a 785 nm
laser with 150 mW power at the sample. The relative intensity change is defined as the
relative difference of fluorescence intensity of the SWCNT incubated with the protein

and with just the phosphate buffer, (Iyrotein — Ibutfer)/Tbufter-

5.3.6 Optical microscopy and atomic force microscopy.

Optical images were taken using Zeiss inverted microscope coupled with AxioCam
ERc 5s detector with a 10x objective. The images were processed with software Zen,
provided by Zeiss.

AFM images were taken using Asylum MFP-3D model in AC mode with Asylum
Tapping/AC mode soft tips (AC240TS). Typical scan size was 5 pm or 10 pm; and scan
rate was in between 1- 1.5 Hz, adjusted based on the image quality, and the scan angle
was always set to be 0.0°. AFM images were analyzed using Gwyddion software, and 0-

degree flatting was applied in the images shown in Figure 5.13f.

5.3.7 Primary Amine Characterization

TNBSA solution (original is 5%) was dissolved to 0.01% in phosphate buffer (pH = 8,
500 mM). This step has to be done immediately before the assay. Apply 20 pl of the 0.01%
TNBSA solution to each well that needs to assayed, and then incubate the glass slide in a
wetbox at 37 °C. After 2 hours, the top liquid on each well is immediately removed, and

washed at least three times with the phosphate buffer. After complete removal of liquid
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on the well, absorption spectrum of each well was taken, from 260 — 600 nm with 200
msecond exposure time, using a plate reader (Varioskan Flask, Thermo Scientific). Two
wells that have SWCNT printed but have not been subjected to TNBSA were used as

blanks.

A stand series was generated as follows: 50 pl of chitosan solutions at various
concentrations (0%, 0.005w/v%, 0.01w/v%, 0.025w/v%, 0.05w/v%, 0.25w/v%) in 1%
acetic acid was mixed with 5 pl TNBSA at 5 v/v% and 200 pl phosphate buffer (200 mM,
pH = 8). After incubating for 2 hours at 37 °C, absorption spectra were immediately

measured at 260 — 600 nm. Peak value at 350 nm was used to obtain a calibration curve

(Figure 5.11).
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Figure 5.11 Calibration of chitosan-amines. w/v% chitosan as a function of A5, after the
amine assay.
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5.3.8 Carboxylic Acid Characterization

Bromocresol green solution was prepared by dissolving 40 mg bromocresol green in
100 ml DMSO, which shows a yellow color. A solution of NaOH (0.1 M in water) was
added drop-wise until a light blu;: color just appeared in solution. Although normally
bromocresol solution is prepared in ethanol, we have to use DMSO because -otherwise
ethanol would wet the PTFE surface and solution from different wells on the same glass
chip would be mixed.

50% acetic acid was spotted on each well for 5 minutes to protonate the carboxylic
acid groups. The slides were then thoroughly rinsed with water to remove excess
carboxylic acid. After a quick arir-dry, 2.5 pl of the bromocresol green/DMSO solution
was spotted onto each well, and the absorption spectra were monitored using a plate
reader (Varioskan Flask, Thermo Scientific), scanning from 300 — 800 nm. Au412/Ae2

indicates the COOH content in the gel.

5.3.9 Electron-dispersive X-ray Spectroscopy (EDX)

Chips used in Figure 15.5 were prepared using the following reaction condition:
different spots in the same chip were printed with various glutaraldehyde concentration
(0.25 v/v%, 0.025 v/v%, 0.0075 v/v%, 0.00375 v/v%), and incubated in the printer with
humidity of 80% for 7 hours, followed by 24 hr succinic anhydride (450 mg/ml) in
phosphate buffer (500 mM, pH = 8), and 2 hour EDC/NHS (0.1M/0.11 M, in 0.1M MES)
and then 8 hour of NTA (0.1 M) in phosphate buffer (500 mM, pH = 8). The entire chip
was soaked in NiSO, for 20 min, and rinsed with H,O 5 times to remove excess Ni%*,

The chip was dried using nitrogen before EDX measurement.

189



Molecular Recognition Using Nanotube-Adsorbed Polymer Complexes Jingqing Zhang

EDS was used to characterize relative amounts of nickel in the samples. Samples
were imaged in a JEOL 6700 scanning electron microscope, and EDS measurements
were taken with a Noran System SIX. The same acquisition parameters were maintained
across all characterized samples: 5 kV accelerating voltage, 10.0 uA beam current, 1000 s
acquisition time, 15 mm working distance, and 0.56 mm” sample area. The built-in
quantitative analysis program was used to assess the relative amounts of elements among
the samples. The highest Si content across all the samples is 1.5% at the current
experimental condition, meaning little signal was collected from the glass underneath the

sample, and most of the signal is from the gel that is on top of the glass.

5.3.10 Fluorescence monitoring of the sensor.

To test the sensor response to ¢TnT, the chitosan-SWCNT construct was incubated
with 6xHis-Anti-cTnT antibody (40 pg/ml, 2.5 ul) for 30 min in PBS (1x, pH = 7.2) and
washed with PBS three times to remove un-bound antibodies. After antibody conjugation,
the glass chip was placed on the inverted microscope described in Section 2.5, and each
sensor spot was incubated in 20 pl of PBS (1x, pH = 7.2). Under laser illumination, the
fluorescence of each spot was recorded at a frame rate of 10 sec/frame. We usually
observe a sharp intensity decrease at the beginning, presumably due to laser heating.
Each sensor spot was equilibrated for 10 min under laser illumination to obtain a stable
baseline, and c¢TnT diluted in PBS (1x, pH = 7.2) at various concentrations were added.
For éTnT test in plasma (Figure 5.17d). We diluted plasma in PBS (1x, pH = 7.2) at
indicated concentrations, and then mixed with troponin to obtain the desired final

concentration.
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5.4 Results and Discussions

5.4.1 Chitosan-SWCNT Sensing Scheme
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Figure 5.12

Scheme and chemistry of troponin detection using the SWCNT sensor. (a)

Scheme of the sensor operation. An array of fluorescent SWCNT sensors with each spot
fabricated for detecting one specific protein. This multiplexed format is chosen such that the
platform can be extended to other protein biomarkers. Each spot consists a derivatized gel
network encapsulating chitosan-wrapped SWCNT (gray) that has further conjugated on a NTA-
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Ni** complex (yellow). Upon binding of the troponin to the Anti-troponin antibody, the local
environment of the SWCNT alters, causing an increase in the SWCNT fluorescence signal[265].
(b) Chemistry of the SWCNT sensor array and creation of His-tagged antibody. Chitosan
suspended SWCNT is printed with glutaraldehyde (at different concentrations) together on poly-
l-lysine modified glass surface, using a micro-array printer at 2 ul per spot (3 mm in diameter).
Chitosan is crosslinked by glutaraldehyde, forming a SWCNT containing network. The unreacted
amine functional groups on chitosan is converted to COOH using succinic anhydride, and
followed by EDC/NHS to conjugate NTA. Upon Ni** binding, NTA forms NTA/Ni** complex
that can bind to 6xHis-tagged antibodies. (¢) Schematic of the conjugation of the 6xHis-tagged
protein. S-4FB was attached to the target antibody through COOH/NHS chemistry to create S-
4FB/protein, which is further reacted with 6xHis-HyNic to create 6xHis-protein (following
Solulink protocol).

Figure 5.12 illustrates the sensor operation with the sensing scheme shown in Figure
5.12a, and detailed chemistry in Figure 5.12b, 5.12c. The chitosan-SWCNT sensor is
fabricated by creating a derivatized gel network that enables antibody immobilization
with optical micrographs shown in Figure 5.13a. Specifically, Individual SWCNTSs are
initially suspended in the biopolymer chitosan (Figure 5.9), and crosslinked using
glutaraldehyde onto an poly-l-lysine functionalized glass slide. A microarray printer (see
Experimental Section) was used to ensure consistency across each of the 24 wells, with a
robotic head dispensing 1 pl glutaraldehyde solution (various concentration)/1 pl
SWCNT solution in each well. The unreacted amines on chitosan are further converted to
carboxylic acid by reacting with succinic anhydride, followed by EDC/NHS activation
and conjugation with lysine-NTA. Ni** forms a coordinated metal complex with NTA
that can bind to 6xHis-tagged proteins including antibodies[265-267]. Any 6xHis-tagged
antibodies specific for proteins of interest can be captured by the Ni-NTA functional
group, and binding of the target protein changes the local environment of the SWCNT
sensor, leading to an optical response in fluorescence[265]. This scheme presumably can

be applied for detection of any proteins of interest. In this work, we are focusing only on
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the detection of the cardiac biomarker, ¢cTnT. Binding of the ¢TnT to the 6xHis-Anti-
cTnT antibody changes the local environment of the SWCNT, and modulates the
fluorescence signal of the SWCNT gel, providing a readout for sensing, similar to a

previous scheme[265].

Figure 5.13  Physical characterization of the gel. (a-e) Optical microscopy images of a
chemistry completely chitosan-gel experiencing drying (a, completely wet; b, slightly dry; ¢,
more dry; d, completely dry) and rehydration (e). (f) Atomic force microscopy image of a dried
sensor with synthesized with optimized chemistry conditions (scale bar, 1 pm).

We chose to use chitosan as the SWCNT polymer wrapping for three reasons. First,
chitosan is highly biocompatible, having been used extensively in gene delivery [268].
Second, the primary amines on the chitosan can easily be used to introduce chemical
groups allowing for easy modification of the sensor. Third, previous studies have shown
that chitosan shows minimal non-specific protein adsorption at physiological pH (pH =

7.4)[269]. We tested non-specific adsorption experimentally by screening chitosan-

SWCNT against 33 proteins (Figure 5.14a) of varying size (Figure 5.14b) and isoelectric
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point (Figure 5.14c¢) and found that the native chitosan-SWCNT exhibited little to no

non-specific protein adsorption.
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Figure 5.14  Chitosan-SWCNT low nonspecific adsorption profile. (a) Fluorescence response
of chitosan-SWCNT (2 mg/l) to 33 proteins (10 pg/ml each). Fluorescence (/i) Was recorded
after incubating the chitosan-SWCNT for 1-hour with the proteins, with /.4, being the SWCNT
fluorescence in the absence of the proteins. Relative intensity change are defined as (Iyorin —
Louger)! Inugrer. Reported data points are averages of three separate measurements and reported error
bars are 2SD. MW of those proteins range from 10 to 100 kDa (b), isoelectric point values range
from 4 to 10 (¢). When a protein adsorbs to the chitosan-SWCNT there is a change in the
fluorescence. The lack of response from all proteins tested is indicative of low non-specific
protein adsorption.

Schematic of the conjugation of the His-tagging protein is shown in Figure 5.12c. S-
4FB was attached to the target antibody through COOH/NHS chemistry to create S-
4FB/protein, which is further reacted with 6xHis-HyNic to create 6xHis-protein. The
conjugation ratio, or number of 6x-His per protein is quantified by UV absorption at 354
nm. This particular His-tag conjugation scheme is very simple, and can be completely
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within 5 hours with only 1 hour of processing time, and we are able control the
conjugation ratio fairly well. However, currently it is impossible to control the exact
location of the 6xHis tag on the antibody. We are considering using new conjugation
methods in the future. For instance, the Sokolov group has published a protocol that only
modifies the glycosylated Fc region of an antibody such that the binding affinity of the
Fab region of the antibody will remain unaltered[270]. We will explore similar chemistry

in the future to ensure a more robust antibody conjugation scheme.

5.4.2 Chitosan Gel Chemical Characterization and Optimization
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Figure 3- Glutaraldehyde Crosslinking Reaction and Succinic Anhydride Reaction

Figure 5.15  Amine group characterization. (a-b) Amine assays performed with TNBSA
probe: after the glass chips were exposed to TNBSA probe for 2 hours at 37 °C, absorption from
200 nm to 600 nm for each reaction conditions were measured (7 hour of glutaraldehyde reaction,
a-1; 7 hour of glutaraldehyde reaction followed by 12 hour of succinic anhydride, a-2, 7 hour of
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glutaraldehyde reaction followed by 24 hour of succinic anhydride, a-3, 14 hour of
glutaraldehyde reaction, b-1; 14 hour of glutaraldehyde reaction followed by 12 hour of succinic
anhydride, b-2, 14 hour of glutaraldehyde reaction followed by 24 hour of succinic anhydride, b-
3). The color change from yellow (more amines) to clear (less amines) are shown in the pictures,
with red boxes highlighting the spots that have been assayed. Glutaraldehyde content is indicated
in the legend. (¢) Amine conversion calculated using Asso after first reaction (glutaraldehyde
~ crosslinking reaction) as a function of glutaraldehyde content, and reaction time. (d) Amine
conversion calculated using A;so for wells that have been reacted for 7 hours in glutaraldehyde
(red), 7 hours of glutaraldehyde followed by 12 (green) or 24 (orange) hours of succinic
anhydride reaction. (e¢) Amine conversion calculated using Ajso for wells that have been reacted
for 14 hours in glutaraldehyde (blue), 14 hours of glutaraldehyde followed by 12 (green) or 24
(orange) hours of succinic anhydride reaction,

Since cTnT binding events occur at those Ni-NTA sites, the amount of which is
therefore expected to be directly linked to the sensitivity of the detection. The network
has been optimized such that the number of functional Ni-NTA groups in the gel is
maximized. Close examination in the reaction scheme (Figure 5.12a) reveals that by
reacting more amines in the crosslinking process, the amount of unreacted amines for the
further reactions are limited. Thus, using as few amines as possible is desired in the
crosslinking step while still allowing for the formation of a gel. To explore different
conditions, we crosslinked the chitosan-SWCNT (0.25% wt% chitosan, 1% acetic acid)
with glutaraldehyde at 0.25 v/v%, 0.025 v/v%, 0.0075 v/v%, 0.00375 v/v%, allowing for
two different reaction times, 7 hours and 14 hours, at each condition. Quantification of
unreacted amines directly in a thin gel on a glass substrate is difficult; analytical
techniques such as NMR are typically applied for characterizing solution phase samples.
We attempted to perform FTIR, however, with our thin gel, it is impossible to
deconvolute the gel FTIR signal from a strong glass background signal. TNBSA probe,
however, has been widely used to quantify protein amine content[271], which presents a

yellow color and absorbs strongly at 350 nm after reacting with amines. We used this

technique in order to quantify primary amines in the chitosan-gel. Gels synthesized at
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different crosslinking conditions were then exposed to TNBSA dye, and rinsed
thoroughly with water to remove unreacted TNBSA molecule, and absorption (200 — 600
nm) was measured. Figure 5.15a-1 (7 hour reaction) and 5.15b-1 (14 hour reaction)
present the raw absorption spectra for each crosslinking condition, and the percentage of
amine conversion at each condition is summarized in Figure 5.15c. As expected,
increasing the amount of glutaraldehyde in the original reaction mixture significantly
reduces the absorption at 350 nm, indicating more amines are reacted in the first step to
form crosslinkers. Conversions with 7 hour of reaction and 14 hour of reaction show
similar trend, and after 7 hours, prolonging the reaction does little to help the reaction
proceed further. Therefore, we choose to use 0.00375% glutaraldehyde and 7 hour of
reaction time for the crosslinking step.

The optimization of the second reaction focuses on converting all of the unreacted
primary amines left from the crosslinking step into carboxylic acids. In order to keep the
primary amines deprotonated throughout the course of the reaction, the gel was immersed
in succinic anhydride in a high ionic strength phosphate buffer (500 mM) at pH of 8, and
the reaction was allowed for 12 and 24 hours each. The same amine-quantification assay
was used for this step, and it is expected that if the reaction goes to completion, there
would be little to no absorption at 350 nm since majority of the amines would have been
reacted. Our data show that for the gel synthesized with optimized crosslinking reaction,
more than 75% of the total amines are converted after 12 hour of succinic anhydride
reaction, and extending the reaction from 12 hour to 24 hours only converts 10% more of
the total amines (Figure 5.15d, e). Therefore, to shorten the entire gel synthesis time, we

choose to use 12 hours for this reaction step.
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Different reaction conditions to conjugate Lysine-NTA to the gel were explored. Each
NTA has effectively three carboxylic acids; therefore, after the reaction, the overall
carboxylic acid content of the gel would increase by three times in theory. Bromocresol
green assay is widely used for visualizing carboxylic acid derivatization in thin layer
chromatography, and we adopted it here to quantify carboxylic acid by monitoring the
absorption ratio of A4;2/Ag2; after exposing the gel to the bromocresol green. We find that
the reaction does not proceed in water (light green and blue in Figure 5.16a), but
completes within 4 hours in a phosphate buffer at pH of 8 (red and black in Figure 5.16a).
Increasing the NTA concentration from 0.01 M (black) to 0.1 M (red) increases the
relative change of A412/Ag from 1.19 to 1.44, corresponding to a conversion from 5.5%
to 22%. This particular reaction, even at the optimal reaction condition, does not appear
very efficient, and is presumably due to that the complex gel matrix sterically hinders the

access of the reacting molecules before the NHS ester becomes unstable.
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Figure 5.16  NTA moiety and Ni** quantification. (a) Chips prepared with various NTA
reaction conditions were exposed to 2.5 pl of the bromocresol green solution and the absorption
spectra were monitored using plate reader (Varioskan Flask, Thermo Scientific), scanning from
300 — 800 nm. Ay »/Agy indicates the converted carboxylic acid content in the gel. (b,c) EDX
spectra (b) and calculated molar content of Ni atoms in the gel (¢) as a function of gels with
various starting glutaraldehyde concentration.
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Electron dispersive X-ray was applied to confirm that Ni** coordination is indeed
related with the amount of NTA moiety in the gel. We tested gels reacted with the four
different glutaraldehyde concentrations studied and followed by the same reaction
conditions in succinic anhydride and NTA steps. As expected, amount of Ni**
coordinated in the gel increases as the glutaraldehyde concentration decreases, or NTA
content increases, confirming that residual Ni** in the gel is indeed a function of NTA

content (Figure 5.16b, 5.16c¢).

5.4.3 Chitosan Gel Physical Characterization

The morphology of the gel is monitored under optical microscope as the gel
experiences drying (Figure 5.13a-d) and rehydration, and we find that the morphology is
strongly dependent upon processing history. Those optical images indicate that although
those gels are thin, they remain three-dimensional when hydrated (Figure 5.13a); drying
gradually reduces the dimensionality until the entire gel becomes practically flat and
forms interference patterns that are presumably due to ordered crystalline phases of
chitosan polymer (Figure 5.13d)[272]. In addition, rehydrating the (Figure 5.13e) gel
does not restore the original structure, therefore the deformation caused by drying is
irreversible, and should be avoided upon storage. Atomic force microscopy image shows
that SWCNTSs are uniformed distributed inside the gel, forming a sensor network (Figure

5.13f).
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5.4.4 cTnT Detection in buffer and in human serum
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Figure 5.17  Fluorescence response of 6xHis-Anti-Trop/Ni/NTA/Chitosan-SWCNT sensor to

troponin. (a) 6xHis-Anti-cTnT/Ni/NTA/Chitosan-SWCNT fluorescence signal increases upon
addition of ¢TnT at various concentrations (black, 2.5 pg/ml; green, 1.25 pg/ml; red, 500 ng/ml;
blue, 100 ng/ml) and BSA at 10 mg/ml (pink). Each response completes within 3 minutes. The
sensor response appears linear with experimental detection limit of 100 ng/ml to ¢TnT. (b) Sensor
Calibration performed by two batches of sensors (slope = 0.47, red; slope = 0.61, blue). (¢) Cross-
reactivity is tested with proteins that exist abundantly in the blood, such as BSA (10 mg/ml),
immunoglobulin G (0.3 mg/ml) and another cancer biomarker prostate specific andtigen (2.5
ug/ml), and minimal responses were observed from those proteins compared with ¢TnT (2.5
ug/ml), showing the high selectivity of the sensor towards ¢TnT. Reported data points are
averaged from transient data points from t = 250 sec to t = 300 sec, and reported error bars are
2SD. (d) The sensor response from 10,000x diluted plasma solution (red), 2.5 ug/ml ¢TnT in the
10,000x diluted plasma (black), 100x diluted plasma (blue), 1.25 pg/ml c¢TnT in 100x diluted
plasma (green) and 2.5 pg/ml c¢TnT in 100x diluted plasma (pink). (e) Relative intensity change
as the sensor is exposed to various media. Reported data points are averaged from transient data
points from t = 250 sec to t = 300 sec, and reported error bars are 2SD. (f) Relative fluorescence
change of a 6xHis-Anti-cTnT/Ni/NTA/Chitosan-SWCNT sensor upon addition of 10% glycerol
(viscosity of 1.38 mPa-s, first arrow), followed by another addition of ¢TnT (2.5 pg/ml, second
arrow), and a washing with PBS (third arrow). (g) Relative fluorescence change of a 6xHis-Anti-
¢TnT/Ni/NTA/Chitosan-SWCNT sensor upon addition of 20% glycerol (first arrow), followed by
a quick dilution of glycerol to 10% (second arrow), and a complete washing with PBS (third
arrow). This demonstrates that the viscosity effect is reversible. '

To test the sensor response to ¢TnT, the chitosan-SWCNT construct was incubated

with 6xHis-Anti-Trop antibody for 30 min in PBS (1x, pH = 7.2) and washed with PBS
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three times to remove unbound antibodies. And the sensor array exhibits bright near-
infrared (1000 — 1400 nm) fluorescence (Figure 5.9)‘under laser illumination (785 nm),
which was recorded in real-time by a near-infrared one-dimensional array detector at a
frame rate of 10 s/frame. Addition of cTnT result in a fluorescent increase (Figure 5.17a),
and the relative fluorescence change increases linearly as ¢TnT concentration increases
(Figure 5.17b), with the experimental detection limit of 100 ng/ml (2.5 nM). Two
different batches of sensor present calibration curves deviated by 20% in slope, and this
type of batch-to-batch variation may be overcome by more rigorous controlling of gel
reaction time and conditions in the future. Cross-reactivity is tested with proteins that
exist abundantly in the blood, including bovine serum albumin (BSA, 1mg/ml),
immunoglobulin G (IgG, 0.3 mg/ml) and another cancer biomarker PSA (2.5 pg/ml), and
minimal responses were observed from those proteins compared with cTnT (2.5 ug/ml),
showing the high selectivity of the sensor.

We attempted to apply the sensor to detect ¢cTnT in human plasma. Plasma is
prepared by spinning human blood at 3400 RPM (1000 g) for 20 min followed by
removal of the cell pellets. Human serum contains approximately 70 mg/ml total
proteins[273]. Diluting full serum by 10,000 times results in a solution with ~ 7 pg/ml
proteins. The sensor is able to completely suppress the response from a 10,000x diluted
plasma solution (red, Figure 5.17d) and still responds to ¢TnT (2.5 pg/ml) in the diluted
plasma without being affected (black, Figure 5.17d). However, increasing the plasma
concentration to 100x diluted (700 wg/ml proteins) results in a strong fluorescence signal
(Figure 5.17d, blue), affecting the sensor response. In this 100x diluted plasma

environment, cTnT tested at two different concentrations (1.25 ug/ml, blue; and 2.5
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pg/ml, pink, Figure 5.17d) can no longer be distinguished. One hypothesis is that non-
specific adsorption from other proteins in the sensor prevents the c¢TnT detection.
However, non-specific adsorption, if occurs, is expected to have already caused
significant intensity change even at a much lower concentration than 700 ug/ml proteins.
In addition, the sensor shows little response to 10 mg/ml BSA (Figure 5.17a,c), so we do
not expect the large response introduced by 100x diluted plasma is caused by non-
specific adsorption. The same data are also presented as bar chart in Figure 5.17e. We do
notice that the plasma solution has a much higher viscosity (1.38 mPa-s)[274] than PB
buffer (1.0 mPa-s) due to the presence of fibrinogen and many other proteins. One
hypothesis is that the sensor array is affected by sudden viscosity change upon addition of
the plasma-containing solution, resulting in fluorescence modulation. To test this, we
added 10% glycerol (1.31 mPa-s)[275] to the sensor and observed a 7.5% increase in
fluorescence intensity (first arrow Figure 5.17f). Further addition of ¢TnT at 2.5 pg/ml
troponin (second arrow, Figure 5.17f) on the gel still leads to 12.5% response, which is
comparable with the response observed in the experiment without glycerol. Glycerol is
expected to be inert to the sensor, but it significantly increases the viscosity around the
SWCNT. This observation supports the hypothesis that viscosity change does impose an
optical effect in the detection. However, the optical effect caused by viscosity is
reversible, as exchanging the glycerol with PBS completely removes the artifact (Figure
5.17g). In an experiment where 100x diluted plasma was added, although apparent
viscosity in the solution is not as high as in complete plasma, local viscosity inside the
gel can be appreciable. Moreover, a small viscosity change in the nanoscale, surrounding

the SWCNT, may significantly alter the mean-distance between the quencher molecule
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and the SWCNT via slowing down molecule vibration speed, thus affecting the
fluorescence intensity. Future work will involve further engineering of the gel matrix to
eliminate the undesired optical artifact. We notice that the current gel is very thin, and
any optical artifact due to the addition of the plasma will be translated into the detection;
one idea is to increase the gel thickness, which can potentially eliminate the artifact

without influencing the sensing capability.
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Figure 5.18 20 pl human full serum fluorescence compared with a chemistry completed
chitosan-gel incubated in 20 pl PBS, under 785 nm laser illumination.

5.4 Conclusions

In summary, we have developed the first near-infrared single-walled carbon nanotube
sensor array for selective cardiac troponin T, c¢TnT, detection. Detection can be
completed within 3 minutes, and the sensor responds linearly to the ¢TnT concentrations,
with the experimental detection limit of 100 ng/ml (2.5 nM). The sensor arrays shows

little to no response to proteins that present abundantly in the blood at a much higher
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concentration than troponin, including serum proteins (10 mg/ml), and immunoglobulin
proteins (0.3 mg/ml). The sensor currently is unable to quantitatively detect cTnT in full
plasma; however it can easily distinguish cTnT signal from background plasma proteins
if plasma are diluted to a similar level of concentrations as cTnT. The sensor gel was
optimized in such a way that the number of NTA-groups on the SWNT-wrapping is
maximized to enhance the sensor sensitivity. NTA groups served as a site-directed anchor
point for His-tagged antibodies. Therefore this approach can be easily adapted to detect
other proteins of interest by using specific antibodies for those proteins. Moreover, the
work presented two useful means of characterizing and quantifying two commonly used
functional groups, amines and carboxylic acids in the soft gels, and this will be very
useful for other researchers studying hydrogel chemistry. In conclusion, this work
demonstrated the first SWCNT fluorescence-based sensor for detecting cardiac
biomarker troponin, providing the basis of developing novel tools for POC AMI
detection using fluorescent SWCNTs. Future work involves improving the sensitivity of

the sensor array and extending the detection in full serum or full blood.
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6 Divalent Metal Ions Modulate Fluorescence of

Single-walled Carbon Nanotubes in an Ionic Hydrogel

6.1 Introduction

Single-walled carbon nanotubes (SWCNTs) are rolled graphene sheets that possess
near-infrared (nIR) bandgap fluorescence. Since the discovery of its fluorescence in
2002[10], SWCNT fluorescence-based detection has become an emergent field of
research. Many sensors have been developed for various analytes, including B-D-
glucose[24], DNA hybridization[49], assorted genotoxins[163], nitroaromatics[177],
nitric oxide[25, 32], pH[26], and even proteins[153, 265].

From the standpoint of both photophysics and sensing applications, it is interesting to
study the fluorescence response of SWCNTSs to metal ions, including group 2 and group
12 ions [276], and transition metal ions[22, 277]. Our group previously discovered that
transition metal ion Hg>* quenches DNA wrapped SWCNT[22]; In addition, the Barron
group [276, 277] studied a series of group 2, 12 and transition metal ions, concluding that
the quenching mechanisms for group 2 and 12 ions are due to electron transfer, and that
quenching due to transition metal ions results from surfactant molecules interacting with
transition metal ions. However, these results were complicated by the fact that the SDBS
surfactant strongly interacts with the metal ions that were studied. Precipitation or ion
crowding effects were observed in their experiments, making data interpretation difficult.
In addition, many research efforts have taken advantage of the fact that certain ions can
modulate SWCNT fluorescence, and have developed sensors that indirectly utilized those

ions as fluorescence modulators. For instance, early work from our laboratory reported an
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Fe3+—incorporated, glucose oxidase-based SWCNT sensor for glucose detection, where
addition of glucose results in the production of H,O,, which partially raises the Fermi
level of SWCNT, increasing the nanotube fluorescence[24]. A second example probes
protein-protein interaction using a chitosan-wrapped SWCNT hydrogel. In this study,
No,Na-bis(carboxymethyl)-L-lysine (NTA) is grafted to chitosan, and further chelated
with Ni**. It was proposed in this work that Ni** acts as a quenching molecule to
SWCNT; addition of His-tagged protein affects the distance of Ni** to the SWCNT
surface, modulating the SWCNT fluorescence signal. Although those metal ions have
been extensively used as modulators for SWCNT fluorescence, the fluorescence
quenching mechanism remains an active area of research.

In this study, we were interested in further exploring the mechanism of fluorescence
modulation in a series of gel systems similar to the system used in the previous, protein
detection work. In doing so, we synthesized and characterized chitosan-gels, embedding
SWCNTs both with and without NTA groups, and compared fluorescence responses
upon addition of four different ions, including Ni**, Co®*, Mg**, and MnZ*. We
hypothesized that the addition of metal ions to NTA-modified chitosan gel causes de-
swelling of the gel, resulting in an increase of the local concentration of the SWCNTS,
and thereby leading to a fluorescence increase. We then mathematically modeled the de-
swelling and subsequent fluorescence change, based on the Flory-Huggins theory. The
model well describes the data, suggesting that upon addition of NiSQOys, the difference in

the ionic concentration inside and outside the gel decreases, and the gel requires less

water content in order to balance the chemical potentials of the gel and solution. As a

206



Molecular Recognition Using Nanotube-Adsorbed Polymer Complexes Jingqing Zhang

result, water diffuses out of the gel, causing de-swelling of the gel and a fluorescence

increase.

6.2 Experimental Section

6.2.1 Materials

Printer tips (ceramic texture, 190 um orifice, 0.75 inch long, catalog number 6002-
0365) were purchased from BioDot. PTFE printed slides with poly-L-lysine adhesive
surface (24 well/3 mm, slide ID: 24-30) were purchased from Tekdon. Acetic acid,
chitosan, succinic anhydride, N-(3-dimethylaminopropyl)-N"-ethylcarbo diimide
hydrochloride (EDC-HC1), N-hydroxysuccinimide (NHS), Na,Na-bis(carboxymethyl)-L-
lysine (NTA) and nickel (I) sulfate were purchased from Sigma-Aldrich and all reagents
were used directly without any further purification. SWCNT was purchased from
Unidym (unpurified), and purified through hexane/water extraction following the

protocol offered by Unidym, and dried overnight before usage.

6.2.2 Chitosan-SWCNT Suspension

To avoid notation confusion, we define chitosan-SWCNT being SWCNT that is
suspended in chitosan solution, c-chitosan-SWCNT sensor array being chitosan
suspended SWCNT that is crosslinked on glass substrate through glutaraldehyde
chemistry, and c¢-NTA-chitosan-SWCNT being crosslinked chitosan-SWCNT that is
further reacted to graft on NTA groups.

For chitosan-SWCNT suspension, chitosan (15kDa MW) was first dissolved at 0.25
wt% in 1 v/v% acetic acid. 12 mg Unidym SWCNT was mixed with 40 ml of the

chitosan/acetic acid solution and probe-tip sonicated with a 6 mm sonication tip (Cole-
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Parmer) at 48% amplitude for 45 min, in an ice bath. The sample was centrifuged at
16,100 RCF for 90 minutes (Eppendorf Centrifuge 5415D) for twice. Afterwards, the
supernatant was collected and the pellet discarded. UV absorption at 632 nm was used to
estimate the concentration of the SWCNT with €g3, = 0.036 (mg/l)'lcm'l. A typical

SWCNT concentration was between 23-37 mg/1.

6.2.3 Chemistry of Chitosan-SWCNT Sensor Array With and Without NTA

c-chitosan-SWCNT sensor array: SWCNT containing chitosan-gel were synthesized
using an automatic printer. Chitosan-SWCNT solution and glutaraldehyde/H2O solution
(0.00375v/v%) were prepared in two separate wells in a 24 wellplate, and transferred to
the microarray printer (DigiLab MicroSys). Relative humidity was set at 80%. The
robotic head of the printer was programmed such that two printing tips alternate between
dispensing the SWCNT solution and glutaraldehyde, 0.125 pl at a time, and 8 layers were
printed for each reagent per spot (totaling 2 ul per spot). The amine moieties on the
chitosan polymers crosslink with themselves inside the gel, and also crosslink with the
lysine groups on the glass surface. After immobilizing the chitosan-SWCNT for 8 hours,
the glass slides were washed with 0.01 M NaOH and H,O alternatingly three times to
remove unreacted glutaraldehyde and acetic acid. Those chips were ready for
experiments.

c-NTA-chitosan-SWCNT sensor array: In order to conjugate NTA groups onto the
chitosan, the slides were further immersed into a 45 ml solution of succinic anhydride
(450 mg/45 ml, or 0.1M) in phosphate buffer (500 mM, pH = 8) for another 12 hours.
After washing four times with H>O (5 min each), the glass slides were activéted with a

mixture of EDC (863 mg, 0.1M) and NHS (575 mg, 0.11M) in 45 ml MES buffer (0.1 M,
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pH = 4.7) for 2 more hours. After washing with H,O, each well on the glass slide was
exposed to 20 pl of NTA (0.1 M) dissolved in water or phosphate buffer (500 mM, pH =
8) for 20 hours. After washing with water for four times, the glass slides were ready for

experiments. All the chemistry steps were performed at room temperature.

6.2.4 Amine, and Carboxylic Acid Quantification inside the Gel

The chemical quantification of the gel is similar to reported previously (chapter S).
Briefly, 20 pl TNBSA solution at 0.01% in phosphate buffer (pH = 8, 500 mM) was
prepared and spotted on an air-dried gel, and then incubated in a wetbox at 37 °C for 2
hours. After removing the top liquid and rinsing with water for a few times, the spot was
scanned using a plate reader (Varioskan Flask, Thermo Scientific) at 260 — 600 nm. The
standard was prepared using chitosan solution with various concentrations. Peak value at
350 nm was used to quantify amine content in the gel by comparing with the standard.
This assay was used to quantify the yield of the first crosslinking reaction as well as the
‘'succinic anhydride reaction.

For carboxylic acid quantification, bromocresol green solution was prepared by
dissolving 40 mg bromocresol green in 100 ml DMSO, and adjusted to a light blue color
using droplets of NaOH (0.1 M in water). After spotting the gel with 50% acetic acid for
5 min and washing the gels with water, the prepared bromocresol green was dropped on
the gel at 2 pl per spot, and absorption spectra were monitored, scanned from 300 — 800
nm. A412/A¢z indicates the COOH content in the gel. Since we have already quantified
the amount of COOH after succinic anhydride reaction through the amine assay, the

change of A412/A¢2, before NTA and after NTA reaction allows us to estimate the yield of
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NTA reaction. It turns out 22% of the original COOH was converted to NTA, with 78%
unreacted.

6.2.5 Fluorescence Response of the Chitosan-SWCNT Suspension upon Ion
Addition

The spectroscopy setup is similar to previous work [32, 265]. Specifically, a Zeiss
AxioVision inverted microscope was coupled to a Princeton Instruments InGaAs OMA V
1-D array detector through a PI Acton SP2500 spectrometer. The sample was excited
using a 50x objective by a 785 nm laser with 150 mW power at the sample. The focus at
the sample was adjusted through maximizing the signal.

The tests were performed in a 96 well plate. Each well consists of 8.3 uL. of SWCNT
stock solution in a total volume of 250 ul HEPES (500 mM, pH = 7.2), with a final ion
concentration of 33mM. The SWNCT: ion ratio tested in this procedure is the same as in
an ion assay in a c-chitosan-SWCNT gel (Figure 6.3). The experiment is performed in
triplicate, with controls containing 8.3 uL. of SWCNT stock solution in a total volume of
250 ul HEPES without ions.

6.2.6 Fluorescence Monitoring of C-Chitosan-SWCNT and C-NTA-
Chitosan-SWCNT

Transient measurements: To test the sensor response (for both c-chitosan-SWCNT
and c-NTA-chitosan-SWCNT) to ions, the glass chips were placed on the inverted
microscope described in Section 2.5, and each sensor spot was incubated in 20 upl of
HEPES buffer (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, adjusted with 0.1 M
NaOH, 500 mM, pH = 7.2, without NaCl). Under laser illumination, the ﬂuoresc‘ence of

each spot was recorded at a frame rate of 10 sec/frame. We usually observe a sharp
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intensity decrease at the beginning, presumably due to laser heating. Each sensor spot
was equilibrated for about 1000 seconds under laser illumination to obtain a stable
baseline, and various ion solutions (in 500 mM HEPES buffer) were added to reach a
final concentration of 33 mM. The normalized intensity is defined by I/li—o where Ii-g

defines the starting intensity of the gel.

6.2.7 UV Absorption of the Chitosan-SWCNT Suspension

Each testing solution consists of 41.5 pl of SWCNT stock solution in a total volume
of 250 uwl HEPES (500 mM, pH = 7.2), with a final .ion concentration of 33 mM. The
SWNCT: ion ratio tested here is the 5 times higher than the assay tested in a c-chitosan-
SWCNT gel, in order to obtain sensitive measurements using UV-Vis spectrometer. The
baseline is taken using 41.5 pl of 1 v/v% acetic acid with a total volume of 250 pl
HEPES (500 mM, pH = 7.2), and is subtracted from each spectrum. In figure 6.2, those
are the terms we use for this paper: “Ion only” consists of 41.5 ul 1 v/v acetic acid mixed
with ion containing HEPES to reach a final volume of 250 pl ion solution at 33 mM final
concentration. “chitosan-SWCNT” consists of 41.5 pl 1 v/v chitosan-SWCNT suspension
in 1 v/v% acetic acid mixed with HEPES to reach a final volume of 250 ul. “chitosan-
SWCNT w/ion” consists of 41.5 ul 1 v/v chitosan-SWCNT suspension in 1 v/v% acetic
acid mixed with ion containing HEPES to reach a final volume of 250 pl ion solution at
33 mM final concentration. “chitosan-SWCNT plus ion” are the numerical addition of
“Ion only” and “chitosan-SWCNT” spectra, in order to compare with the “chitosan-

SWCNT w/ion” spectrum.
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6.3 Flory-Huggins Polymer Theory Based Gel De-swelling Model

6.3.1 Hypothesis: C-NTA-chitosan Gel De-swells, Resulting in fluorescence
increase

We use Ni** as a model ion to investigate the fluorescence change for the c-NTA-
chitosan gels (Figure 6.4). Initially, the outside solution only contains Na*, HEPES buffer.
The high influx of Na" diffuses into the gel, electrostatically balancing the negatively
charged NTA* and COO' sites on the gel. This results in a large mobile ion concentration
difference inside and outside the gel, generating high imbalance of ionic chemical

potential, £ . . In order to balance this large 4., water diffuses into the gel, forming a

swollen gel. As we added Ni** to the gel, Ni** ions diffuse into the gel, many of which
are chelated onto the gel matrix and are no longer mobile. Electroneutrality was ensured
through a combination of mobile (Na**, Ni**) and immobile ions (Ni**). As a result, the
large initial deviation between the mobile ion concentration inside and outside the gel
decreases, resulting in a reduction of the 4, term. The gel therefore re-equilibrates to a
less-swollen state, resulting in an increase in local SWCNT concentration within the

excitation focal volume, and consequently, an increase in florescence signal.

6.3.2 Flory-Huggins Thermodynamic Equilibrium

At steady-state, chemical equilibrium is reached, or,
luionic = lumix +lueleastic [1]
we redefine a new variable, 4 = 4/ RT as a dimensionless chemical potential just to

simply the equations and derivations.

Using Flory-Huggins theory, we have:
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ﬂionic = (—]Il 'xwater,in + ln xwater,out ) [2_ 1]

:umix = [ln(l - ¢) + ¢ +/¥1¢2] [2_2]
ﬂelastic = Vl (Ve /‘/0)(¢1/3 - ¢/ 2) [2_3]
(210X, iy + 10 %, ) = (= )+ G4 281+ V, 4, V)P =912)

where x is the molar fraction of the solvent in the gel, and x,,,, = I—in , and

1

water ,in

water

when D x,0 1, we will have Inx

i

= ln(l—Zx,.) 0 —Z x, . v, is the molar volume of

the solvent, or 1.8x10% /mol. ¢ is the equilibrium state volume of unswollen gel/

volume of swollen gel, or, where H describes the hydration state of the gel. Vj is

1+H

the volume of the unswollen gel, and we will estimate this a little bit later. v, is the total

number of crosslinkers in the gel, and %, is the Flory interaction parameter between the

gel and the water (or electrolyte).

Before we added NiSO4, we have HEPES buffer in both the external and internal
solution. HEPES buffer has the three following ionic forms, and it undergoes
transformation at different pH, and pKa of the first pair (L-/HL) is 7.55, and pKa of the
second pair (HL/H,L+) is 3[278]. Since we adjusted the pH of the buffer to 7.26, H,L"*
only accounts for a very small concentration of the ionic forms, and therefore can be

neglected.
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L- HL H2L+

Therefore it can be assumed that before NiSO4 was added, HL, L as well as Na*

were present in the solution. In reality, Na" was introduced through the addition of NaOH

to adjust pH of the HEPES buffer.

In summary, we have the following:

Inside the gel Outside the gel
Before addition of COO- (immobile), H*,HL, L, Na* (mobile)
NiSO, NTA?* (immobile),

H*, HL, L, Na* (mobile)
After  addition of COO- (immobile), H* HL, L, Na*, Ni**,
NiSO, NTA®* (immobile), SO,* (mobile)
Ni** (bound to NTA)
H*, HL, L', Na*, Ni**, SO,* (mobile)

Here we assume that all NTA* and COO- groups are deprotonated. This is actually a

safe assumption to make because dissociation constant of those two groups are very large.

Subscript of “bound” and “immobile” indicate that those ions are either bound to the gel

electrostatically or are immobilized chemical groups in the gel. All the concentrations

indicated here refer to mobile ions unless specified otherwise. In addition, subscript “in”

means inside the gel and “out” means outside the gel.

So equation [2] becomes,
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+C

Ni** in

(CNa* Jin

=[In(l—@) +d+ 8" 1+ v,(v, IV, )" -9/ 2)
(4]

+ CH* Jin + CL"in + Csof' Jin + CHLM) - (CMﬁ Jout + CM’“ out + CH’ Jout + CL‘,auz + Csof',om + CHL,OW N/C

water

We have the following unknowns, C, . .C C c. .C C and ¢ .

gn® TH*in? TN in? T L in? T S0,% ,in HLjin

This equation is also consistent with equation (22) in paper [279] with a different notation.

6.3.3 Chemical Equilibrium for Individual Ion Species

At steady-state, each mobile ionic species is also in chemical potential equilibrium. In
other words,

Mg = Mo 13]

If we expand the chemical potential terms on both sides, we will have,

luoi,in + RT ln ai,in + ZF‘/in = Iuoi,out + RT ln ai,out + ZF"‘/out [6]

Because the definition of standard potential asserts that #°,, = 4°; .., automatically,

we have,
a, F
In—" =2 (v, -V,)
ai,out RT [7 ]
where q,,,.a, ,, are defined as activities of ion species, i, inside and outside of the gel.

We know that z(Na") = +1, z(L) = -1, z(HL) = 0, Z(Ni2+) = 42, 2(SO4%) = -2. So the

equations below follow:

=a a [8-1]

a a_ . = _
Na*,in "L ,in Na*,out L .out

a =a [8-2]

a
Ni** in asof' Jin Ni** out  SOF ,out

2 _ 2 ra.
aNiz*',in /(aNa+,in) - aNiz* out /(aNa",out) [8 3]
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=a /a [8-4]

Na* in aH*,in Na"*,out H* out
Apyy iy = Qg g [8-5]
a=cy, where y is the activity coefficient, and we assumed that to be 1 for all

monovalent ions, but used tabulated values in reference [280] for Ni** and SO42'. Since
the gel is very thin, ions being taken up by the gel are not expected to alter the
concentrations of those species outside the gel, so the values of the right-hand side of the

equations are all known.

6.3.4 Electroneutrality
The gel will also be under electroneutrality at equilibrium, which means

+2C +3C

Ni** bound + 2CH*,in - (CL'.in + 2C‘SO,,Z',in + CCOO’,immobilized NTA®" ,immobilized )

=0

Na* in + 2(:‘Niz*' Jin

[9]

Notice that C

COO" immobilized CCOO',immobilized,O

¢ and C

=C
NTA> immobilized NTA* .immobilized ,0¢ ’

where C and C are defined as immobilized COO™ and NTA*

COO" ,immobilized ,0 NTA® Jimmobilized ,0
when the gel was still unswollen, or at a dried state. Because we have fully characterized
our gel, we have a good estimate of the initial immobilized COO™ and NTA*
concentrations on the gel.

In addition, the amount of C,. ; is a function of the CM,2+ N inside the gel. We

i** boun

know that Ni** binds to NTA strongly, and establishes an equilibrium,

[Ni— NTA] 0 Ni** + NTA* . The dissociation constant, K, .y, , is defined as

K _ CNil* Jin (CNTA3' immobolized CNi ~NTA ) _ CNi2+ in (CNTA3' Jimmobolized CNi2+ Jbound ) 10
Ni-NTA — C - C [10]
Ni—NTA Ni** bound

Re-arrange this equation gives,
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C
_ Ni**in
N bound CNTA},immobilized,0¢ C +K [11]
Ni“,in Ni-NTA

Now we have 7 equations, including equation [4], [8-1]-[8-5] and equation [9], and 7

unknowns. We can solve for CWJ",C H*,in’CNiz*,in’CL‘,in’C 8042,JHC HL.in

and ¢ . As the gel
de-swells, the local concentration of the SWCNT increases, resulting in a fluorescence
increase, or, mathematically, we have:

I H,+1 ¢
= () —1=2-1[12
I = @, 2]

6.3.5 Parameters in the Model

% is measured to be -0.01 both in the absence and in the presence of salt[281].

P, =V, !V, defines the density of crosslinkers in units of moles/liter. We know v

through chemistry characterization, and for the lowest crosslinking gel we are studying,
there are 4.61x107 mmol/mm? crosslinkers, and the gel is 3 mm in diameter. We
estimated a dried gel to be 0.5 un in thickness, and therefore we have the following:

_9.23/2%10""mol / mm”® X Area

P =V, 1V, ~ =923mol / m* =0..923mol /|
0.5%x10"°mx Area
—10 2 *
Co.. :8.78><10 mol/_6mm X Area 0'22=386mol/m3 — 0386mol /|
NTA™ immobolized 0.5%10°mx Area
-10 2 *
c . 81810 mollmm xArea?078 _ 368,511 pp =1.368mol /1
AmmoBetize 0.5x10°mx Area

6.4 Results and Discussions
Solution phase fluorescence results indicate that the chitosan-SWCNT suspension 1is
quenched upon addition of the transition metal ions Ni**, Co**, and Mn** (33 mM), but

does not respond to Mg®* (Figure 6.1). While Mg®" is on the same row as those
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transitional metal ions in the periodic table, it is categorizes as a Group 2 metal ion. In
addition, Ni2+ causes the largest quenching, followed by Co”*, and then Mn?>*.
Specifically, ranked from largest-to-smallest fluorescence modulation, the divalent
cations are: Ni* > Co™ > Mn** > Mg?*. The Barron group[276, 277] has previously
reported that some divalent ions cause the quenching of SDBS surfactant suspended
SWCNTSs. Their findings also suggested that MgSO, quenches SWCNT to the least
extent, with quenching constant of 36 for (7,6) chirality at 785 nm excitation. Although
CoS04 and NiSOy both lead to greater quenching than MgSO4, their findings suggested
that CoSO4 (quenching constant of 548 for (7,6) at 785 nm excitation) quenches more
than NiSO, (quenching constant of 109 for (7,6) at 785 nm excitation), differing from

what we observed experimentally.

Control
5000+ —Mg
Mn
Co
—Ni
—~ 40004}
=]
s
oy
% 30004 \
=
2
=
2000+
1000 +— v y v T v T
1000 1100 1200 1300
Wavelength (nm)
Figure 6.1 Fluorescence of chitosan-SWCNT in modulation upon addition of divalent metal

ions, MgSO; (red), MnSO, (blue), CoSO, (green), and NiSO, (purple) at 33 mM each. The
solution was excited by 785 nm laser at 150 mW power at the sample.

Fluorescence quenching can be caused by a number of possible mechanisms,

including acid induced fluorescence quenching, absorption bleaching[16], and exciton
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quenching[17]. Even bundling of SWCNTs can cause fluorescence decrease, resulting
from exciton energy transfer from semiconducting SWCNTs to metal SWCNTs, or
between semiconducting species. We first looked into the possibility of absorption
bleaching by comparing UV-Vis spectra of chitosan-SWCNT both with and without the
metal ions present (Figure 6.2). MgSO4 and MnSO4 do not absorb between 200 — 1400
nm; moreover, the presence of MgSO4 and MnSO4 do not influence the chitosan-
SWCNT absorption. Although CoSO4 and NiSO4 absorb between 200 — 600 nm, the
presence of those metal ions do not bleach the SWCNT absorption (Figure 6.2¢, d).
Therefore, the SWCNT quenching is therefore concluded not to be related to absorption
bleaching. Barron’s group proposed that the enhanced quenching was due to the strong

interaction between metal®*

- SDBS on the surfactant micelle surface, resulting in a
higher effective ion concentration in the vicinity of the SWCNT than in the bulk solution.
Although in our system, we use chitosan instead of SDBS surfactant, similar effects can
also cause fluorescence quenching. In fact, transition metal ions tend to chelate on the
chitosan polymer through the amine lone pair electrons, as reported previously[282].
Presumably, the strong interaction between the metal ions and the polymer induces a
higher concentration of ions near the SWCNT surface than in the bulk, causing the
stronger quenching.

To further explore the fluorescence modulation caused by transition metal ions, we
synthesized chitosan-based gels that have SWCNTs embedded inside (Figure 6.3). This
approach will allow us to eliminate any potential artifact that could be associated with

any solution-based suspension, such as SWCNT aggregation, since the SWCNTs were

already immobilized within the gel. We find that in this cationic c-chitosan-SWCNT gel,
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we observed much larger quenching from both Ni** and Co?* than Mg**, and we
observed a fluorescence increase response from Mn** (Figure 6.3 e-f). We have not yet
been able to identify the reason for the increase caused by Mn?*. However, the decrease
in the fluorescence of SWCNT in the presence of Ni%* and Co”*, in both the solution and
gel form, indicates that the quenching is mostly likely due to the strong interaction

between the metal ion and the polymer, further supporting the previous finding.
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Figure 6.2 Absorption of chitosan-SWCNT solution upon addition of MgSO, (a), MnSQj, (b),
CoSOy (c), and NiSO, (d), at 33 mM each. Each testing solution consists of 41.5 ul of 1 v/v%
acetic acid with or without SWCNT, ion sufate at a final ion concentration of 33 mM, in a total
volume of 250 ul HEPES (500 mM, pH = 7.2). The baseline of the spectrum was taken using
41.5 pl of 1 v/v% acetic acid with a total volume of 250 ul HEPES (500 mM, pH = 7.2), and was
subtracted from each spectrum. Black spectrum consists of 41.5 ul 1 v/v acetic acid mixed with
ion containing HEPES to reach a final volume of 250 ul ion solution at 33 mM final
concentration. Red spectrum consists of 41.5 ul 1 v/v chitosan-SWCNT suspension in 1 v/v%
acetic acid mixed with HEPES to reach a final volume of 250 ul. Blue spectrum consists of 41.5
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ul 1 v/v chitosan-SWCNT suspension in 1 v/v% acetic acid mixed with ion containing HEPES to
reach a final volume of 250 ul ion solution at 33 mM final concentration. Green spectrum is the
numerical addition of red and black spectra, in order to compare with the blue spectrum.

We also further investigated chitosan-SWCNT gels that had been NTA groups
grafted on (the chemistry is described in Section 6.2). In the c-NTA-chitosan-SWCN gel,
which is anionic, addition of all the metal ions universally cause a fluorescence increase
(Figure 6.3a-d) although to a different degree, which is opposite from the trend observed
in the SWCNT suspension or in the c-chitosan-SWCNT gel. Mn2+ causes the largest
fluorescence change, followed by Co2+, and then Ni**. Mg induces a very small change
(Figure 6.3 e-f). All the intensity modulations appear reversible, and can be repeated
through at least two cycles of addition and washing. Some of the washing processes
introduce a delayed fluorescence recovery (Figure 6.3b, 6.3d, 6.3h), which seems to
suggest that some metal ions may initially bind to the gel, and gradually leak out of the
gel after washing. Currently, we do not have a model which describes all of the
phenomena we observe during transient measurements, however, we will further explore
this in the future.

The intensity change in the anionic c-NTA—chitosan-SWCNT‘gel is very interesting
to us. Ni%+-NTA is a widely used chelator for HexaHistidine-conjugated proteins (His-tag
protein). It was discovered by our own group that once a His-tagged protein is bound to
the Ni-NTA-chitosan gel, binding of a second protein onto this His-tagged protein would
cause a fluorescence modulation[265]. It is important to explore this intensity modulation

mechanism such that the sensing scheme can be further engineered and improved.
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c-chitosan-SWCNT gel
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Intensity, normalized to the starting intensity, of c-chitosan-SWCNT (a-d) and c-

NTA-chitosan-SWCNT (e-h) monitored overtime under a fluorescence microscope (excited at
785 nm, 150 mW at the sample), upon 2 cycles of addition of ions and washing processes.
SWCNT gels were incubated in 20 ul HEPES (500 mM, pH = 7.2) and were exposed to
subsequent ion addition (indicated by thick arrows, 33 mM in 500 mM HEPES), and washing
with HEPES buffer (thin arrows). The arrows only indicate the addition and washing events for
the black curve; however, addition and washing time points for the experiments indicated in the
red curve are similar to the experiments with the black curve.
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Figure 6.4 Schematic, experimental, and modeling results of the c-NTA-chitosan-SWCNT
de-swelling upon addition of NiSO4, upon addition of NiSO4. (a) Relative intensity change of c-
NTA-chitosan-SWCNT incubated in 20 pl of HEPES (50 mM, pH = 7.2) upon a series addition
of NiSO4 at various concentrations (0, 0.042, 0.167, 1.67, 10, 26.4, 38.5 mM in HEPES, each
addition is indicated by an arrow). (b) Relative SWCNT fluorescence change as a function of
NiSO, concentration (red, experimental data; black, model). (a) Schematic of ¢-NTA-chitosan-
SWCNT de-swells upon addition of NiSO4. The gel was under chemical equilibrium initially; the
large ionic strength difference inside and outside of the gel is balance by large influx of water into
the gel, resulting in a swollen gel. Upon addition of NiSOy, Ni** ions are chelated onto the NTA,
decreasing the number of mobile ions in the gel. As a result, the difference in ionic concentration
inside and outside the gel decreases, and the gel requires much less water inside to keep the
chemical potential balance, causing the gel to de-swell. Consequently, the local concentration of
SWCNT increases, resulting in a fluorescence increase.

We further looked into the relative fluorescence change as a function of Ni*+
concentration. The c-NTA-chitosan was initially equilibrated with HEPES buffer, and

was exposed to a series of buffer solution containing NiSO4 at various time points
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indicated by the arrows in the figure 6.4b (0, 0.042, 0.167, 1.67, 10, 26.4, 38.5 mM).
Plotting relative intensity change as a function Ni2+ concentration reveals an equilibrium
binding curve (Figure 6.4c).

We proposed a gel de-swelling model, derived from Flory-Huggins polymer theory to
describe the experimental observation. We hypothesized that the relative intensity change

1 _H0+1_¢

of the gel is inversely proportional to the decrease of the hydration, or I, H+1 4 .

1

¢ is the equilibrium state volume of unswollen gel/ volume of swollen gel, or, I+H |

where H describes the hydration state of the gel. Therefore the goal of this model is to

¢

solve for % .

Before Ni*+ was added, a swollen gel was formed, and the three chemical potential

terms, Iuionic R /umix s and auelastic are in balance, or luionic :lumix +luelastic . Speciﬁcally, those
three terms can be expressed by the following, according to the Flory-Huggins polymer

theory.

ﬂionic = (— ln xwater,in + hl X

water,out)
Hyi =[N~ 9) + 9+ 1,0°]
ﬂelastic = V1 (ve /‘/O)(¢l/3 _¢/ 2)

xwater = 1 - z 'xi

X oo, ) . -
where " ig the molar fraction of the solvent in the gel, and i ,and

Y x01 lnxwmzln(l—in)D—Zx,. y

when , we will have i . 'lis the molar volume of
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the solvent, or 1.8x10-2 1/mol. Vo is the volume of the unswollen gel, and Ve is number
of crosslinkers. 41 is the Flory interaction parameter between the gel and the water (or

electrolyte). Here, both Hionic and Hetastic have positive values, but Hoix i negative.

We hypothesize that upon Ni2+ addition, the established chemical potential
equilibrium is shifted such that water diffuses out of the gel, resulting in de-swelling and
a SWCNT concentration increase within the gel, and thus giving a fluorescence increase
(Figure 6.4c). Specifically, before Ni*+ was added, the gel was heavily charged due to the
presence of COO- groups from the NTA moieties. Local electroneutrality inside the
hydrogel ensures that those negative charges are compensated by mobile Na* ions. As a
result, there are more mobile ions inside than outside the gel, resulting in a chemical
potential imbalance. In order to equilibrate the chemical potentials, water diffuses into the
gel, expanding the gel matrix. The elastic force, induced by the crosslinked network,
counteracts this expansion. When Ni’+ is then added, there is an immediate rise in the
ionic concentration outside of the gel. However, in this case, the chemical imbalance is
opposite to the initial case, and draws water from the gel into the bulk solution. Therefore,
the gel de-swells, resulting in an increase in the local concentration of the SWCNTs
inside gel, as well as an increase in the fluorescence. Mathematically, we need to solve

C C

. . . . C+‘3C+~’ 24+ .9 - a9 --C i
for all the ion species present inside the gel, ~Ne'in’ ~H'in® “Nin® T in® TS0, in T HLin

as
¢ . C, . : : :
well as as a function of M7 by using chemical potential balance, or

hionic = Hinis  Hetasi , as well as the electroneutrality equation.
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Hy+1 ¢
H+1

I
We find as Ni’* increases, Z ) ) % indeed increases, and the modeled curve
(black, Figure 6.4b) indeed describes the trend of the data (red, Figure 6.4b). The detailed
model derivation and solving procedure can be found in Section 6.3. The small deviation
is expected to stem from two sources: (1) the estimate on the height of the gel might not
be accurate. We attempted with some measurements to probe the thickness of the gel;
however, the gel was not formed completely uniform across the sample, making the
measurement rather difficult. In addition, we also attempted to directly monitor the de-
swelling of the gel, but with little success due to the very thin nature of the gel; (2) we
used Flory-Huggins theory to describe our gel network, which may not fully describe the
actual system. Some other work has proposed that polysaccharide gel resembles a
network of stiff rods[283], however no quantitative theory has been proposed for
polysaccharide network yet. Developing a new theory is beyond the scope of this work,
but will be explored in the future.

Further, the model provides insights on the mechanism of the fluorescence response.
Before Ni** was added, negatively charged NTA® and COO" sites on the gel were
electrostatically balanced by mobile Na* (Figure 6.5¢), resulting in a large mobile ion
concentration difference inside and outside the gel. As Ni** concentration increases,

many Ni2+ ions diffuse into the gel, many of which are chelated onto the gel matrix and

no longer mobile. As a result, the large difference between the mobile ion concentration
inside and outside the gel decreases, and reduces Hionic term (Figure 6.5a), and thus

resulting in an increase in absolute values of Hoix and Hetasti , indicating that the gel de-
swells (Figure 6.5b, and Figure 6.5¢). The relative change of the chemical potentials,
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A= Hyp o , are plotted on Figure 5d. The model also predicted other relevant ion

concentrations as shown in Figure 6.5e-1.
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Figure 6.5 Model-calculated chemical potentials and ionic concentrations inside and outside

the c-NTA-chitosan gel. (a-c) Chemical potential of ionic (a), mixing (b), and elastic (c)
components of the chemical potential as a function of Ni** concentrations. (d) Relative change of

the chemical potential, or & — U as a function of Ni** concentrations. (e-1) Ion (Na*, e; HY, f;

Nr-2+=0 4
Ni*, g; L-, h; SO,%, i) concentrations inside and outside the c-NTA-chitosan as a function Ni**
concentrations.

6.5 Conclusions

In summary, we explored mechanisms of transition-metal ion-induced fluorescence
modulation in chitosan suspended SWCNT, in both a solution and gel form. We
discovered that Ni** and Co®* both cause fluorescence quenching for crosslinked chitosan
gel (c-chitosan-SWCNT) as well as chitosan suspended SWCNT solution (chitosan-
SWCNT). We conclude that this type of quenching is largely due to the strong interaction
between the chitosan polymer and the ion, leading to a higher concentration of those
transition metal ions near the SWCNT surface than in the bulk. Further, addition of Ni2+,
Co**, Mg?*, and Mn®* universally cause SWCNT fluorescence increase in a crosslinked
chitosan gel that has been conjugated with NTA groups (c-NTA-chitosan-SWCNT). We

used Ni** as a model ion to study this observation, and proposed a model that based
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Flory-Huggins’ theory to describe this experimental observation. We concluded that the
strong binding of Ni** onto NTA groups reduces the number of mobile ions in the gel,
resulting in a decrease in ionic chemical potential inside the gel. As a result, water
diffuses out of the gel, causing de-swelling of the gel and a local SWCNT concentration

increase, thereby increasing the SWCNT fluorescence signal.
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7  Conclusions and Future Applications

The central focus of my thesis was to engineer molecular recognition sites using
polymer-SWCNT complexes for detection of small molecules and proteins, including
reactive oxygen and nitrogen species (chapter 2), important biological small molecules
(chapters 3 and 4) as well as proteins/biomarkers (chapters 5 and 6). We began the thesis
with a very empirical approach where polymer-SWCNT complexes were designed and
synthesized, and then screened against a panel of molecules, to search and identify
selective recognition events, through SWCNT optical modulation. We identified that a
specific DNA sequence of d(AT);s oligonucleotides wrapped SWCNT selectively
recognize nitric oxide, and then we identified three novel polymer-SWCNT complexes
that are able to respond to estradiol, L-thyroxine and riboflavin respectively. A
mathematical model was derived based on the 2D equation of state theory not only to
understand the experimental results but also to provide guidance in future polymer design.
Finally, we explored engineering SWCNT sensors toward protein detection by using
SWCNT embedding hydrogels. A model that was derived from Flory-Huggins polymer
theory was developed to elucidate the sensing mechanism.

In the first chapter, I described the SWCNT fluorescence as well as the optical
sensing mechanism. I also described the advantage of using SWCNT for optical sensing
especially in biological systems.

In the second chapter, we reported the selective detection of single nitric oxide (NO)
molecules using a specific DNA sequence of d(AT);s oligonucleotides, adsorbed to an
array of near infrared fluorescent semiconducting single-walled carbon nanotubes (ATs-

SWNT). This d(AT)ssequence imparts SWCNT with a distinct selectivity toward NO,
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while SWCNT suspended with eight other variant DNA sequences show fluorescence
quenching or enhancement from analytes. After tethering the AT;5-SWNT onto a APTES
modified glass slide, a stepwise fluorescence decrease is observed when the nanotubes
are exposed to NO, reporting the dynamics of single-molecule NO adsorption via SWNT
exciton quenching. A birth-and-death Markov model was developed to describe the
experimental observation, and the maximum likelihood estimator of adsorption and
desorption rates of NO is derived. Applying the method to Kinetic Monte Carlo (KMC)
simulated traces indicates that the resulting error in estimation is less than 5% under our
experimental conditions, allowing for calibration using a series of NO concentrations. As
expected, the adsorption rate is found to be linearly proportional to NO concentration,
and the intrinsic single-SWNT-site NO adsorption rate constant is 0.001 s* uM NO™.
The ability to detect nitric oxide quantitatively at the single-molecule level may find
applications in new cellular assays for the study of nitric oxide carcinogenesis and
chemical signaling, as well as medical diagnostics for inflammation. In addition, other
students in the lab have continued with this effort by further investigating the sensitivity
of the sensor [284], and studying releasing kinetics of NO-releasing drug (unpublished).
In the third chapter, I introduced the concept of “molecular recognition” by using
polymer — SWCNT complexes, synthetic polymers that create unique and highly
selective molecular recognition sites once adsorbed onto a SWCNT surface. I overviewed
three distinct examples we explored that show selective response toward three important
biological molecules: a rhodamine isothiocyanate-difunctionalized poly(ethylene glycol)
— SWCNT complex, or RITC-PEG-RITC — SWCNT, responding to estradiol; Fmoc L-

phenylalanine conjugated PEG brush — SWCNT selectively responding to L-thyroxine;
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‘and boronic acid conjugated phenoxy-dextran — SWCNT specifically responding to
riboﬂavin. We also discovered that the affinity of this type of recognition can be tuned by
changing both the composition of the polymer and SWCNT parameters such as the
diameter. We also confirmed the binding of the analyte to the polymer-SWCNT
complexes via radiolabeling assays. Finally, we studied riboflavin update by macrophage
célls by using a dual channel microscope taking advantage of the selective sensing
rendered by the boronic acid conjugated phenoxy-dextran — SWCNT complex.

In the fourth chapter, we developed a theoretical frame work that can provide insight
into the mechanism for these “molecular recognition” responses and guide the design of
future polymer synthesis, which is desirable but so far unexplored. We modeled analyte
molecules adsorbing onto the polymer-SWCNT surface using a modified thermodynamic
model that was originally developed for describing competitive adsorption of surfactants
at air-water interface, with model parameters determined with molecular simulations. The
model provides physical insight into the key molecular parameters that govern the
competitive adsorption between the analyte of interest and the hydrophobic segment of
the polymer on the SWCNT surface. The resulting model is able to correctly predict 83%
of the fluorescence responses from a recent experimental paper within 20% error of the
experimental values.

In the fifth chapter, I first reviewed recent advances, challenges and potential
solutions of using direct and label-free method for protein bio-marker detection. Then I
introduced the importance of detection for cardiac troponin T (potentially in a point-of-
care setting). In this part of the thesis work, we have demonstrated a novel, rapid and

label-free near-infrared fluorescent assay specific for cTnT detection, using single-walled
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carbon nanotubes (SWCNT). Comparing with traditional ELISA assay and other labeling
methods, this method is simple, and does not require a secondary antibody. Fluorescent
SWCNT itself transduces signal, providing a sensing readout. In addition, we developed
two new chemical characterization assays that allow us to quantify amine and carboxylic
acids in a soft gel, providing a useful assay tool for characterizing the mostly widely used
chemical groups in soft gels, which other researchers working with soft gels or hydrogels
may find interest in.

In the sixth chapter, we were interested in further exploring the mechanism of
fluorescence modulation in a series of gel systems similar to the system used in the
previous protein detection work. In doing so, we synthesized and characterized chitosan-
gels, embedding SWCNTs both with and without NTA groups, and compared
fluorescence responses upon addition of four different ions, including Ni**, Co**, Mg**,
and Mn** in both a SWCNT-embedded gel and in a SWCNT solution. We hypothesized
that the addition of metal 1ons to NTA-modified chitosan gel causes de-swelling of the
gel, resulting in an increase of the local concentration of the SWCNTs, and thereby
leading to a fluorescence increase. We then mathematically modeled the de-swelling and
subsequent fluorescence change, based on the Flory-Huggins theory. The model well
describes the data, suggesting that upon addition of NiSQOy,, the difference in the ionic
concentration inside and outside the gel decreases, and the gel requires less water content
in order to balance the chemical potentials of the gel and solution. As a result, water
diffuses out of the gel, causing de-swelling of the gel and a fluorescence increase. This
effort contributes to the basis of a theoretical framework that describes SWCNT optical

sensing in the context of a hydrogel.
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Overall, this thesis opens up many interesting areas of research that will be worth
exploring further. In the “molecular recognition” work, in particular, model-guided
polymer synthesis can be performed, and the experimental results will further assist to
elucidate the recognition mechanism. On the protein-recognition work, hydrogels can be
further engineered to completely remove non-specific adsorption or other effects from

blood or other proteins.
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Appendix A: Comparison between Effectiveness of
Step-finding Algorithm on both the Control Trace and
the Trace That is Subjected to NO

Both algorithms (HMM-based and Chi-squared error-minimizing methods) fail when
applied to control data in which there are no actual transitions, fitting steps within the
noise (Figure Appendix A). We attempted to subject each trace to a noise reduction
program based on reference'® before applying HMM or error-minimizing step-finding
algorithms, but the over-fitting of noise on control data persisted (Figure Appendix
A). We therefore concluded that these algorithms cannot be utilized on traces containing
no authentic transitions. To resolve this issue, we first determine which traces contain
actual transitions in fluorescence intensity and perform the analysis only on these data
sets. The relatively high signal-to-noise ratio in the data aids in this, and bias is
minimized through randomizing all traces prior to analysis (Figure Appendix B). And
the step-fitting algorithm is applied thereafter only to traces that contain transitions’, and

zero-transitions are assigned to the remainder.
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Figure Appendix A  Comparison between the effectiveness of applying the Chi-squared error-
minimizing step-finding algorithm on the control data and the data where NO is added. (a) Time-
trace of a diffraction limited spot (2x2 pixel) in a control experiment where no analytes are added
(red) and fitted trace (Chi-squared error-minimizing step-finding algorithm, black). Over-fitting
on noise is observed. (b) Time-trace after applying noise-reduction algorithm on the time-trace in
(a) (red), and fitted steps on the noise-reduced trace (black). Over-fitting on noise is observed. (c)
Time-trace of a diffraction limited spot (2x2 pixel) in an experiment where 25 pM NO is added
(red) and fitted trace (Chi-squared error-minimizing step-finding algorithm, black) without
applying the noise-reduction method. It appears that the intensity fluctuation is more obvious in
the control dataset compared to the dataset of which the array is exposed to NO even for the same
starting SWNT intensity. We are still investigating the source of this fluctuation.
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Appendix B: Intensity Time-traces of 50 Brightest
SWNT Upon Exposure to Different Concentrations of
NO Ranging from 0 to 20 pM.
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Figure Appendix B1 Fluorescence time traces of the 50 brightest diffraction limited

spots (2x2 pixels) in a control experiment in which no NO is added. The trace images are

displayed in a descending order of the starting fluorescence intensity. Traces of number

1,2,3,4,5,6,7,8,10,11,13,14,15,16,17,18,22,23,26,27,28,29,30,31,32,33,34,35,36,37,38,39,

40,41,42,43,44,46,47,48,49,50 are identified as zero-transitions.
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Figure Appendix B2 Fluorescence time traces of the 50 brightest diffraction limited

spots (2x2 pixels) upon exposure to NO solution (0.16 uM, 1x PBS) at t = 0 s. The trace

images are displayed in a descending order of the starting fluorescence intensity. Traces

of number 4,5,7,10,11,12,17,18,21,25,27,29,30,32,33,34,35,36,37,41,42,43,46,47,48,50

are identified as zero-transitions.
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Figure Appendix B3 Fluorescence time traces of the 50 brightest diffraction limited
spots (2x2 pixels) upon exposure to NO solution (0.78 uM, 1x PBS) at t = 0 s. The trace
images are displayed in a descending order of the starting fluorescence intensity. Traces

of number of 17, 25,26,27,31,42,45,48,50 are identified as zero-transitions.
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Figure Appendix B4 Fluorescence time traces of the 50 brightest diffraction limited
spots (2x2 pixels) upon exposure to NO solution (3.9 uM, 1x PBS) at t = 0 s. The trace
images are displayed in a descending order of the starting fluorescence intensity. Each

trace contains at least one transition.
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Figure Appendix B5 Fluorescence time traces of the 50 brightest diffraction limited
spots (2x2 pixels) upon exposure to NO solution (19.4 uM, 1x PBS) at t =0 s. The trace
images are displayed in a descending order of the starting fluorescence intensity. Each

trace contains at least one transition.
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Appendix C: Birth-and-death Markov Model

% If the input is empty, Prompt user to select col SWNT.xls;
% Otherwise, input can be provided by another program which calls this
% program.

Program_PathName = pwd; $%Program directory
if isempty (varargin)

[FileName, PathName] = uigetfile('*.txt', 'Select
SWNTcoordinates.txt from Step 1 (SWNTImages folder)');

cd (PathName) ;

SWNTcoordinates = load([PathName FileName]) ;

col SWNT = SWNTcoordinates(2,:);

row SWNT = SWNTcoordinates(1,:);

$Prompt user to select folder containing corresponding *.dat files

[FileName, PathName_dat] = uigetfile('=*.dat',6 'Select any of the
original *.dat files (from Step 1)');

cd (PathName_dat) ;

$Prompt user to select folder containing dwell files to convert to
rate constants

[FileName, PathName] = uigetfile('*dwell.dat',6 'Select any
*dwell.dat file in the directory of interest!');

cd (PathName_ dat) ;

$Prompt user to find the number of states for eacht trace

% [FileName_states, PathName_states] = uigetfile('*.txt',6 'Select
NumofStates.txt from Step 2');

% NumofStates = load([PathName_states FileName_states]);

% cd (PathName_dat) ;

% observation time
a = textread(fullfile(PathName dat,'l.dat'));

[m,n] = size(a);
exposure = a(2,1) - a(1l,1);
vararginl = m*exposure;

else

$Read in input filenames/directories

FileName = varargin[32];

PathName coordinate = varargin[285];

SWNTcoordinates = load(fullfile (PathName coordinate,FileName)) ;
col_ SWNT = SWNTcoordinates(2,:);

row_SWNT = SWNTcoordinates(l,:);

PathName_dat = varargin[286];

PathName = varargin{4};

vararginl = varargin{5}; % observation time

% NumofStates = []; % We dont work with # of states in this case.
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end

$Calculate rate constants using the *dwell.dat files in selected
directory

calculateRate (PathName, row_ SWNT, col_ SWNT, PathName_dat, vararginl);
return;
% ——mmmmmmmm e mm e e e e e - CALCULATE RATE ------------c-c-ommmmmm o -

function [] = calculateRate (PathName,

varargin)

row_SWNT, col SWNT, PathName_dat,

%$This function calculates the rate constant for each SWNT trace and
plots
%it on the image map

%$Calculate rate constants from *log.dat files

Output = Cal_BDMarkov (PathName, PathName_ dat, varargin);

%$Save rate constant results as text file
f1 =

fopen ( [PathName 'BirthDeath RateandStates_SepTrace.txt']l, 'w+');
fprintf (£1, '%s %s %s\r\n', 'State', 'ForwardRate',
'ReverseRate') ;
fprintf (£1, '%f $e %e\r\n', Output');
fclose (f1) ;

$For each trace number, summarize number of states and rate constants
summaryl = zeros(length(row_ SWNT),6);
for i =1:1:length(row_SWNT)

$Find indices of corresponding SWNT
row_index = row SWNT (i) ;

col_index = col_SWNT(i);

$Summarize Output for method 1

end

summaryl (i, 1)

3

summaryl (i, 2) col_index;
summaryl(l 3) = row_index;
summaryl (i,4) Output(i,1); % state number
summaryl (i,5) Output(i,2); % forward rate
summaryl (i, 6) Output(i,3); % reverse rate

if ~isempty(varargin)

f1 =
fopen (fullfile (PathName, ['BirthDeath ResultsSummary SepTrace ', num2str (
varargin{1}),'s.txt']), 'w+');
else

f1 = fopen([PathName 'BirthDeath ResultsSummary SepTrace.txt'],

w4+

%) 7
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end
fprintf(f1, '%$s %s %s %s %s %s\r\n', 'TraceNumber', 'x(column)
Coordinate', 'y(row) Coordinate', 'NumberofStates', 'ForwardRate',

'ReverseRate') ;

EPFIALE(£Y, Y¥E st $f %f e $e\r\n', summaryl');
fclose (£1) ;

return;

$% -----------mmmm - - - CALCULATE rf, rr from BIRTHDEATH PROCESS ----

function Qutput = Cal_BDMarkov(PathName, PathName dat, varargin)

% Obtain names of the dwell files under the folder.
locate_dwell _orig = dir(fullfile(PathName, '*dwell.dat'));

dwelldirs = {locate_dwell orig.name}';
nofiles = size(dwelldirs, 1);

Output = zeros(nofiles,3);

for mm = 1: nofiles

dwell = textread([PathName num2str (mm) 'dwell.dat']);

dat = textread([PathName dat num2str(mm) '.dat'l);

exposure = dat(2,1) - dat(1,1);

fitdata = convert_dwelldata_to_fitdata(dwell,dat); % Obtain fitted
data from dwell files.

time = dat(:,1);

[rf,rr,state] = BirthDeathEstimate (dwell, fitdata, time, dat,
exposure, varargin);
Output (mm, :) = [state,rf,rr];
end
Output;
a =1
function [rf,rr,state] = BirthDeathEstimate (dwell, fitdata, time, dat,

exposure, varargin)

)

$ varargin{1l}: obs_time, which is the observation time, different from

% simulation time.
Xnt = fitdata;

)

% If remove datapints from the end of the traces ----------
if ~isempty (varargin)

temp = varargin{1};

obs time = temp{1}{1};

temp2 = Xnt (1l:round(obs_time/exposure)) ;

Xnt = temp2;

temp3 = time(l:round(obs_ time/exposure)) ;

time = temp3;

clear temp temp2 temp3

end
% If ends sosgmresterrtc et Esra St TRt s e R s e ST aTEREC
tau = time(2) - time (1) ;
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std(dat(1:50,3))/1000; % estimate the first 300 frames' std
0;

std_est
std_est

method = 2;
if method == 1

if ~isempty(find(Xnt ==0))
indl = find(Xnt==0); % find Xnt = 0
ind2 = find(Xnt (indl-1)~=0); % among the Xnt =0 ,find the
Xnt (index-1) isnt 0.
ind3 = indl (ind2) ;
if ind3(end) ~= length (Xnt) .
offspring 0 = Xnt(ind3); % these should be zeros and the
number before those zeros should be non-zero.
Ct = numel (ind3) ;
else
Ct = max (numel (ind3)-1,1); % eliminate C_tau, but Ct has to
be greater than 1.

end
else
St = 4
end
SumXnt = sum(Xnt(l:1l:end-1)) ;

alpha = Ct/SumXnt;

beta = (Xnt(end) - Xnt(l) + Ct)/sum(Xnt(2:1:end));
mu = log((alpha-1)/(beta-1))/tau/ (beta/alpha-1);
lamda = beta/alpha * mu;

elseif method == 2
[num_rowsl, num_colsl] = size(dwell);
Bt = 0;
Dt = 0;
for k = 1l:1:num_rowsl

temp = cumsum(dwell (1:k,3));
if temp(end) <= length (Xnt);
if abs(dwell (k,1) - dwell(k,2)) > 1.5*std_est
if dwell(k,1)< dwell (k,2)

Bt = Bt + dwell(k,2) - dwell(k,1); % if it is a
birth
else
Dt = Dt + dwell(k,1l) - dwell(k,2); % if it is a
birth
end
end
end
end

St = trapz(time,Xnt');

tN = time (end)* max (Xnt) ;
lamda = Bt/ (tN - St);

mu = Dt/St;
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else
error ('no method exists!');
end
rf = mu;
rr = lamda;
state = 1; % arbitrary for now

function fitdata = convert_dwelldata to_ fitdata(fulldatal,fulldata2)

$This sub-function reads the data from the *dwell.dat file and returns
the
%corresponding best fit trace based on that file

size(fulldatal) ;
size (fulldata2) ;

[num_rowsl, num colsl]
[num_rows2, num cols2]
if num_rowsl == 0
fitdata(l:num_rows2) = ones(l, num_rows2) .*
mean (fulldata2(:,3)./1000) ;
else
fitdata = zeros(num rows2,1)' ;
timepoint = 0;
for k = 1 : num_rowsl
start fulldatal(k,1);
residence = fulldatal (k,3) ;
fitdata (timepoint+1:timepoint+residence) =
start*ones (residence, 1) ;

timepoint = timepoint + residence;
end
fitdata(timepoint+1l:num_rows2) = fulldatal (k,2) *ones( (num rows2-
timepoint), 1);
end
return;
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