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ABSTRACT: There is significant interest in developing new
detection platforms for characterizing glycosylated proteins,
despite the lack of easily synthesized model glycans or high
affinity receptors for this analytical problem. In this work, we
demonstrate a sensor array employing recombinant lectins as
glycan recognition sites tethered via Histidine tags to Ni**
complexes that act as fluorescent quenchers for semiconducting
single-walled carbon nanotubes (SWNTs) embedded in a
chitosan hydrogel spot to measure binding kinetics of model
glycans. We examine, as model glycans, both free and strepta-

vidin-tethered biotinylated monosaccharides. Two higher-affined glycan—lectin pairs are explored: fucose (Fuc) to PA-IIL and
N-acetylglucosamine (GlcNAc) to GafD. The dissociation constants (Kp) for these pairs as free glycans (106 and 19 4M, respectively)
and streptavidin-tethered (142 and 50 M respectively) were found. The absolute detection limit for the current platform was found
to be 2 ug of glycosylated protein or 100 ng of free glycan to 20 ug of lectin. Glycan detection (GlcNAc-streptavidin at 10 uM) is
demonstrated at the single nanotube level as well by monitoring the fluorescence from individual SWNT sensors tethered to GafD
lectin. Over a population of 1000 nanotubes, 289 of the SWNT sensors had signals strong enough to yield kinetic information (Kp, of
250 £ 10 uM). We are also able to identify the locations of “strong transducers” on the basis of dissociation constant (four sensors
with K, < 10 uM) or overall signal modulation (eight sensors with >5% quench response). We report the key finding that the
brightest SWNTs are not the best transducers of glycan binding. SWNT's ranging in intensity between 50 and 75% of the maximum
show the greatest response. The ability to pinpoint strong-binding, single sensors is promising to build a nanoarray of glycan—lectin
transducers as a high throughput method to profile glycans without protein labeling or glycan liberation pretreatment steps.

1. INTRODUCTION

Understanding the interactions between glycans and carbohy-
drate recognition domains (CRDs) found on cellular and protein
surfaces is vital to the fields of glycobiology, immunology, and
pharmacology. Glycans decorating the surface of proteins sub-
stantially influence function, such as folding pathways, signaling,
retention, and pharmacokinetics."”> The efficacy of protein-based
therapeutics is largely dictated by their glycosylation,® and thus
de novo design of drugs that interact with known CRD sites, such
as cell-adhesion modulating galectins,” requires a greater under-
standing of the kinetic parameters between glycans and CRDs.
Despite this importance, robust assays of protein glycosylation are
underdeveloped, with the dominant proﬁhng technologies falhn%
to frontal affinity chromatography®® and mass spectrometry.
Recently, the concept of the lectin microarray has emerged as a
promising approach to investigating glycan-lectin interactions. These
arrays take advantage of multivalent interactions to overcome the
weak monovalent binding of lectin-glycan pairs (typically 10~
M < K4 < 10> M) but are limited in their ability to transduce weak
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mono- or multivalent interactions and also require fluorescence
labeling.>'*~'* An emerging concept®'® is to use multivariate
responses of glycan binding to a library of lectins to discern their
identity, but this requires detection methods that are necessarily
sensitive enough to transduce the presence of weakly bound proteins.
Label-free methods, which reduce sample volume requirements,
have a distinct advantage in this approach by decreasing the absolute
detection limit. Herein, we develop a fluorescent single-walled
carbon nanotube (SWNT) sensor' for glycan—lectin interactions
with the ultimate goal of profiling glycans.

Our approach is to couple band gap fluorescent SWNTs to
receptor lectins, which area host of naturally occurring carbohy-
drate binding proteins.'® We benchmark the sensor by evaluating
the kinetic parameters between the anti-His tag antibody and
comparing it to literature surface plasmon resonance (SPR)
parameters. We then demonstrate the detection of fucose (Fuc)
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to PA-IIL lectin and N-acetylglucosamine (GlcNAc) to GafD
lectin. Kinetic parameters are obtained by first measuring the
fluorescence intensity of a large spot of SWNT, and then it is
shown how the same signal can be increased by probing
individual SWNT sensors and determining which sensors are
most responsive to glycosylated analyte addition. Our objective
of glycan profiling makes this effort distinct from recent work creating
glycosolate carbon nanotubes for therapeutic purposes'”'® and
electronic FET sensors for lectin, but not glycan, binding.'* !
In contrast, the aim of our work is to profile glycans via their
selective binding to a fluorescent nanotube surface, a concept not
yet demonstrated in the literature to date.

Kinetic information on glycans—CRD interactions is currently
determined by two types of analytical methodology: equilibrium
and nonequilibrium.”* Nonequilibrium methods yield relative
binding information rather than physical kinetic rates; that is,
they specify which glycan—CRD combinations bind with greater
or lesser affinity in reference to each other. These methods
include ELISA,* glycan microarmys,24 agglutination,25 and
electrophoresis.*® A notable exception in this category of relative
binding assays are some of the carbohydrate arrays from the CH
Wong group that can yield quantitative fluorescent bindin
curves similar to SPR (below) and be translated to Kp, values.'
Equilibrium dialysis can determine the forward reaction rate
(k) of glycan—CRD binding but requires a large amount of
glycan reagent, which is often a significant investment of time
and money if complex sugars are used. Equilibrium titration
calorimetry®”*® is a delicate technique to determine kinetic
parameters from thermodynamic information but is rarely em-
ployed because of time and reagent expenses. Another equilib-
rium technique, frontal affinity chromatography,*” can be used to
determine the affinity constant (Kp) for most glycan—CRD pairs
(Kp > 10”7); however the glycan must be labeled for detection.
The current standard for obtaining kinetic information from
label-free groups is surface plasmon resonance (SPR) machines,
such as the Biacore systems. In the case of glycan—CRD inter-
actions, SPR can detect both the forward and reverse kinetic rates
for a wide range of affinities (Kp: mM—pM range). However, to
induce a detectable signal the analyte must have significant mass.
Thus glycans are typically immobilized on the gold surface (often
using neoglycoproteins,® i.e. glycans synthetically coupled to a
protein backbone), and the more substantial lectins are used as
the binding analytes. This can bias the analysis of single lectin—
glycan interactions as presentation and density of the glycan is a
critical parameter in CRD binding, and the immobilization
methodology can alter this.! Though more difficult, lectins
can also be immobilized on the SPR surface and detect glycosy-
lated analytes, but again these must have enough mass to
transduce a change in refractive index.

We show that the SWNT-based fluorescence sensors devel-
oped in this work demonstrate loading curve signals competitive
with SPR, in both shape and analysis technique, but they differ in
a few significant ways. First, the detection scheme is reversed.
The lectins are the tethered sensors, and the glycans are the
analyte in solution. This allows us to determine the kinetics of
free glycans as well as glycoproteins giving us precise control over
carbohydrate presentation in the interaction. Second, the
amount of analyte needed for each experiment (2 ug of glyco-
sylated protein or 100 ng of free glycan) is smaller than what is
necessary for SPR experiments, which require analyte flow to
overcome mass-transport effects (at its best, SPR requires
20—250 ug of analyte protein®*). Third, each SWNT-sensor spot

can be tethered to different lectins and illuminated simultaneously,
creating the potential for a multiplexed, quantitative detection of
analyte binding analogous to an array-reading SPR machine with
distinct advantages in sample size and run time.

2. EXPERIMENTAL SECTION

2.1. Lectin Expression. The resulting plasmid pET41GafD and
pET41-PAIIL were transformed into BL21(DE3) Star (Invitrogen)
according to standard procedures.*® A single colonywas used to inoculate
5 mL of LB medium containing kanamycin (50 #g mL™"). 3 mL of the
overnight culture at 37 °C were used as an inoculum to a 350 mL flask of
LB containing 50 #4g mL ™", and this was incubated again with shaking at
37 °C. Heterologous protein was induced by the addition of isopropyl
p-p-1-thiogalactopyranoside (IPTG, final concentration 1 mM) once
this culture had reached log phase (Aggo of 0.6). Growth was continued
for 6 h before the cells were harvested by centrifugation. For His-tag
protein purification, a harvested cell pellet was washed twice with
phosphate-buffered saline, PBS (10 mM, pH 7.4), and then lysed with
Complete Lysis-B (Roche Applied Science). The crude lysate was
clarified by centrifugation prior to application to a 3 mL Ni-NTA
agarose column (Qiagen). Nonspecifically bound proteins were re-
moved from the column with wash buffer (50 mM NaH,PO,, pH 8.0,
300 mM NaCl, 20 mM imidazole), and bound His-tag GafD and PAIIL
were eluted with elution buffer (50 mM NaH,PO,, pH 8.0, 300 mM
NaCl and 250 mM imidazole). Eluted samples were analyzed by 15%
SDS-PAGE, and the protein concentration was determined with a BCA
assay kit according to manufacturer’s instructions (Pierce). To change
the buffer with PBS (10 mM, pH 7.4), the eluted solution was centrifuged
through a centrifugal filter with a molecular cutoff of 10 kDa (Millipore),
and the concentration of lectin was finally adjusted to 4 mg mL .

2.2. Glycan and Model Glycoprotein Probes. Biotinylated
glycans were provided by the Consortium of Functional Glycomics —
Scripps Institute Group. For this work, glycans B121 (GlcNAcf3-SpNH-
LC-LC-Biotin) and B158 were used (Fuca1-2Gal31-4Glcf3-SpNH-LC-
LC-Biotin) where Sp is 2-azidoethyl and LC-LC biotin is a standard
biotin reagent with an extra-long spacer group (Pierce ID# 21343). The
lyophilized sugars were dissolved in 3 mL of 1x PBS to create stock
solutions and stored at —20 °C. To construct model glycoprotein probes,
the biotinylated glycans were incubated with streptavidin (Sigma Aldrich
S0677) for 1 hat 20 °C in a 6:1 molar ratio to allow maximum binding to
the four biotin binding sites on each streptavidin. Excess biotinylated
glycans were filtered away from the glycoproteins by centrifugation
through an Amicon filter (16300g on Labnet Inc. centrifuge, 10 min,
30000 kDa cutoff, Milipore). The glycoproteins were washed on the
filter 3 (400 uL PBS) and then resuspended in PBS at the desired
concentrations.

2.3. Native PAGE Binding Analysis. The interaction between
lectin and glycan was analyzed by 15% native PAGE according to the
method of Schigger and von Jagow with minor modifications.>* Briefly,
electrophoresis was performed using a Mini Protean Electrophoresis
system (Bio-Rad, USA) under nondenaturing conditions to examine
molecular interactions. Nonreduced protein/glycan samples (GafD
Lectin held constant at 30 ug per lane, GIcNAc-Strept added at S, 10,
20, and 30 ug) in the sample buffer (20% glycerol, 200 mM Tris-HC],
pH 6.8, 0.05% bromophenol blue) were applied to the gel (gel buffer:
25 mM Tris-HCl, 200 mM glycine). Electrophoresis was performed at
80 V for 120 min. After electrophoresis, the protein bands were
visualized by staining with Coomassie Brilliant Blue R-250.

2.4. Construction of Chitosan-SWNT Sensor Chips. To
increase the reproducibility of our sensors, we have introduced a careful
automated printing method of the chitosan gel (Supporting Figure 1).
Patterned glass microscope slides (Tekdon) were inserted in a micro-
array printer (Digilab MicroSys System) where the robotic head was
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Scheme 1. Processing Steps To Tether a His Tag Sensor Protein to SWNT*

1) Wrap ( 6,5) SWNT in Chitosan
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H)Cl"' o
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o
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o

3) Attach NTA tether after
EDC and NHS amine
activation
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anhydride

“ (1) Wrap SWNT in chitosan, (2) functionalize chitosan with carboxylic acids, (3) attach tethered NTA group, (4) chelate nickel with NTA, (S) add His

tag sensor protein to SWNT.

programmed to dispense alternating layers of chitosan-SWNT (0.25
wt % chitosan (CHI), 1 vol% acetic acid, 30 yg/mL suspended (6,5)
SWNT) and cross-linker (10 vol% glutaraldehyde). The suspended
SWNT was made from Southwest Nanotechnologies, Inc. CoMoCAT
nanotubes sonicated in 0.25 wt % chitosan (CHI) and 1 vol% acetic acid
for 45 min at 40% amplitude with a probe—tip sonicator (Cole Parmer,
Model CV18). For each sensor spot 10 alternating layers of SWNT-CHI
and cross-linker were printed at 100 nL per layer, resulting in a highly
uniform gel of 1 4L of SWNT-CHI material. The chips were printed ina
humidified enclosure (85% RH) at 25 °C and allowed to cross-link
overnight in the same environment. Nickel-NTA groups were intro-
duced as previously reported." Briefly, the chips were washed with a
dilute basic buffer (0.01 M NaOH) and water three times. Carboxylic
acid groups were introduced to the chitosan wrapped SWNT by bathing
the chips in succinic anhydride (0.1 M) overnight (Scheme 1, step 2).

The chips were then washed three times with water, and the carboxylic
acid groups were activated via N-(3- dimethylaminopropyl)-N'-ethyl-
carbodiimide hydrochloride (EDC, 0.1 M) and N-hydroxysuccinimide
(NHS, 0.1 M). The chips were bathed in this solution for 2 h at 25 °C
and examined for the expected formation of bubbles. The chips were
again washed and allowed to bathe in a solution of a linked tricarboxylic
acid group (Na,Na-bis(carboxymethyl)-L-lysine aka NTA, 33 mM)
overnight (Scheme 1, step 3). The chips were washed in water again and
stored in a 100 mM solution of NiSO, to allow maximum binding of
nickel to the NTA chelating groups (Scheme 1, step 4). Thus in each
experiment the SWNT sensors start in their maximally quenched state
due to the close proximity of the nickel. During experimentation the
excess NiSO, is washed away with water and the sensor protein, His-
tagged lectin, is tethered to the SWNT sensors via the chelated nickel
group (Scheme 1, step S). The large protein groups cause the nickel
group to move away from the SWNT sensor, due to steric loading
(discussed below), and part of the quenched fluorescent signal returns.

2.5. Ensemble Measurements of Sensors. A custom-made
near-infrared inverted microscope (Zeiss D.1 Observer) setup allows us
to probe the fluorescent emissions of our SWNT sensors (Figure 1a).
The chips are secured on the microscope stage, and the objective (S0x /
0.7 Zeiss) is pushed into contact with a blank portion of the glass slide
(no SWNT-CHI) to obtain a S s background spectrum, which is
subsequently subtracted from the response spectra. The objective is
then moved under an SWNT-CHI gel spot and again pushed in contact
with the glass slide. By placing the objective in the maximum z-axis
position, the microscope can image a higher plane of the SWNT-CHI gel

where more analyte response is observed. The SWNTs are excited by a
785 nm laser (B&W Tek, 495 mW), and the emission is sent to a
spectrometer (Princeton Instruments Acton SpectraPro 2500i Spectro-
graph) and accompanying nIR camera (Intervac MOSIR Camera 350).
The spectra are collected via WinSpec software (Princeton Instruments)
and analyzed with custom Matlab (Mathworks) code. To maximize
signal stability, the spectrometer is cooled with liquid nitrogen 2 h prior
to experimentation and the laser is allowed to reach peak stability for 2 h.
The SWNT-CHI gel has a small transient region when first exposed to
the laser due to local heating and further permeation of Ni*" in the gel;
thus each spot is pre-exposed to the laser for S min before data are
gathered. Data are gathered in the form of emission intensity spectra
(950—1250 nm) integrated for S s.

A typical experiment was run for approximately 1000 frames (at S s
each) and included a few addition and washing steps to detect lectin—
glycan binding (Figure 1b). First NiSO, was again added to ensure that
the SWNT sensors were responsive and that the NTA chelating groups
were fully loaded with Ni*" groups. The nickel was then washed away
with PBS three times, leaving ~20 #L of PBS on the sensors. The His-tag
lectin was then added to the sensor (20 4L at 2 mg/mL) and allowed to
bind for 300 s. Excess lectin was again washed by PBS three times, and
20 £ 1 uL PBS were left to bathe the sensor. The sensor was allowed to
equilibrate for 100 s, and 20 uL of analyte were added. The analytes
tested in this paper include free biotinylated glycans, glycans tethered to
streptavidin, and anti His-tag antibody. Each of these, upon binding,
causes an increase in SWNT luminescence (Figure 1b). The sensor
response was recorded for 500 s. It is essential to record stabilization
frames before and after the analyte addition in order to correct for any
focal drift caused by the tension of the objective in contact with the glass
slide (see Results section).

2.6. Single SWNT Sensor Measurements. A second custom
microscope was used to collect emission intensities of single SWNT
sensors. The SWNT-CHI gel was diluted to 3 xg/mL of SWNT and
spin-coated (3000 rpm for 30 s on Laurell Technologies Corporation,
WS-650MZ-23NPP/LITE) on glass-bottom Petri dishes (MarTec
Corp). The Petri dishes were then placed on the microscope platform
(Zeiss D.1 Observer), and the oil-immersed objective (Zeiss 100x /1.46)
was focused on the SWNT sensors on the glass surface. The SWNT's
were excited by a 660 nm laser (Crystal Laser, 100 mW), and the
emission intensities were recorded by a nitrogen-cooled InGaAs array
(Princeton Instruments). Again WinSpec software (Princeton In-
trsuments) was used to collect the data in the form of a stacked Tiff
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Figure 1. Ensemble measurements of Chitosan-SWNT sensors for glycan lectin detection. (A) The chistosan wrapped SWNT sensors are processed
(see text) to include tethered NTA groups and chelated Ni** so that His-tagged lectins (i) can attach to the sensors. An analyte (anti His-tag antibody
(iv), free biotinylated glycan (ii), or glycan tethered to streptavidin (iii) ) is added, and the emission fluorescence is increased (Part B (i) to (ii)) due to the
Ni*" group moving away from the SWN'T, caused by steric loading of the sensor (see text). (B) Ensemble measurement setup: the chitosan-SWNT gel is
spotted onto glass chips which are excited by a 785 nm laser in a custom inverted microscope setup. The resulting emission spectra are then analyzed

looking at the intensity of the (6,5) nanotube peak over time.

image where pixel values corresponded to spectral intensity. These Tiff
images were then analyzed using custom Matlab code (Mathworks) to
(1) construct an intensity versus time trace for each SWNT sensor, (2)
noise reduce the intensity signal, (3) fit the signal to a stepwise curve,
and (4) determine the kinetic rates for each SWNT sensor according to a
previously published model. >

3. RESULTS AND DISCUSSION

We first confirmed that our Streptavidin-based model glyco-
proteins bind to our expressed His-tag lectins using native PAGE
gel analysis, which allows the protein—protein complex to
remain in its native, nondenatured form. Note that separation
is dictated by native complex charge and morphology, not strictly
molecular weight as in SDS-PAGE.*” The resulting gel (Figure 2)
clearly indicates a bound complex that arises when the GlcNAc-
streptavidin probe (1 mg/mL) is added in solution with GafD lectin,
a lectin from Escherichia coli, which binds 5-GlcNAc (3 mg/mL).

Next the time response of the sensor during construction and
various analyte additions was analyzed using the ensemble
measurement technique outlined in Figure 1. In the first test,
Ni** was added (100 mM) which caused a clear quenching

Control GafD + GlcNAc-Strep
g 10 - 10 10 10 10 GafD (uL)
o
= - 10 s 10 20 30 GlcNAc-Strep (ul)
GlcNAc-Strep
- - 1:\/
‘Gafd
0 Rl 4
- .: «— GafD/GlcNAc-Strep
-

Figure 2. Native PAGE gel of GlcNAc-Streptavidin (1 mg/mL) to
GafD Lectin (3 mg/ mL) in solution. The gel reveals an increasing band
of GafD—GIcNAc conjugate as more GlcNAc-Streptavidin is added to
solution.

response as the Ni** interacted with the exposed SWNTs
decreasing their fluorescence (Figure 3a). The effect of divalent
cation quenching of nanotubes is established in the literature.”®>’
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Figure 3. Time response curves of sensor chemistry steps and analyte additions. (A) Responses during construction of a GafD lectin sensor and
responses to free GIcNAc, GlcNAc-Streptavidin, unconjugated streptavidin, and anti His-tag antibody. Each of the additions with known affinity exhibit a
loading similar to those found in SPR experiments. (B) Negative control: adding unconjugated streptavidin to GafD lectin results in negligible response.
(C) Positive control: adding unconjugated streptavidin to biotinylated GafD lectin.

In brief, the SWNT exciton formed by laser excitation is affected
by the electronic field of the metal ion and caused to decay in
nonradiative pathways; thus the fluorescent emission of the
SWNT is effectively reduced as the metal ion comes in close
proximity. The excess Ni** was then washed away, and the His-
tagged lectin GafD was added (40 ug in 20 uL). A loading curve
(much like that observed in SPR assays) was observed as the
lectin binds to the NTA—Ni*" complexes. The mechanism,
consistent with our previous analysis, is that the increase in
SWNT fluorescence is caused by an increase in the distance
between the Ni** complex, lessening its proximity quenching
effect.'® Both steric loading and multivalent effects can influence
this as discussed below. The excess lectin is removed and the
Streptavidin-GlcNAc probe is added (40 ug in 40 uL), in two
steps. Again, an SPR-like loading curve is observed, except with
slower kinetics and less overall response. The excess Streptavi-
din-GIcNAc probe is washed away, and free biotinylated GIcNAc
isadded (20 uL of 100 #M). Again the loading curve is observed.
After washing away the excess free glycan, we added 40 L of PBS
to the system to ensure that the loading responses were due to
the analyte and not some focal change due to increased mass on
the sensor. We then checked to see if the biotinylated glycans,
now bound to the sensor, were accessible to blank streptavidin.
Upon streptavidin addition we see another loading curve, with
slower kinetics, confirming binding of streptavidin to the biotin
ends of glycans decorated on the SWNT-Lectin sensors. As a
positive control, we used an anti His-tag antibody, as previously'> to

verify the integrity of His-tag binding at the end of the experiment.

Here, binding to the His-tagged lectin displaces it and increases
the distance between the SWN'T and Ni**, causing the reported
increase.

Two other time-series analyses were conducted as a negative
and positive control. In the negative control, blank streptavidin
was added to the sensor, after Ni** and GafD lectin loading
(Figure 3b). No loading curve is observed. In the positive control
blank streptavidin is again used as the analyte, but this time the
GafD lectin is biotinylated (Pierce Kit 21455). Upon addition of
streptavidin we see the expected loading curve (Figure 3c).

The time-series analyses reveal activation limited kinetic
responses as expected for our free glycan and streptavidin-
tethered probes, since the response rates are highly dependent
upon the analyte and therefore not limited by diffusion through
the chitosan matrix. To obtain forward and reverse kinetic rates
of binding we analyzed the loading curves of the sensors at
varying analyte concentrations. Assuming our reaction model is
that of a single-site surface absorption,

G+ L<GL (1)

where G is the glycosylated analyte, L is the lectin binding sites,
and GL is the bound complex; then we would expect the
following kinetic model to express the rate of change of bound
complex:

dGL]
L2 — k(I - kG o)
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Figure 4. Concentration dependent loading curves of various analytes to SWNT-Chitosan sensors. (A) Control curves showing positive response of
GlcNAc-Strept to GafD and Fuc-Strept to PA-IIL and negative responses to biotin and blank streptavidin. Concentration dependent loading curves for
(b) anti His-tag antibody to GafD lectin, (c) biotinylated Fuc to PA-IIL, (d) Fuc-Streptavidin to PA-IIL, (e) biotinylated GlcNAc to GafD, and (f)
GlcNAc-Streptavidin to GafD. The dotted lines denote the kinetic model fit, and resulting parameters are reported in Table 1.

The concentration of the free Lectin sites at a given time can be

expressed as
L], = [L], — [GL],

Thus eq 2 can be rewritten as
d[GL]

T = kf[G]([L]to - [GLL) - kf[GL]

(3)

(4)

We assume that the analyte concentration, [G], is constant
(as the bulk of fluid above the sensor is large in comparison

to the number of lectin binding sites). The change in our
fluorescent intensity (I) is a measure of the change in bound
complex [GL], so an analogous form of eq 4 for our sensor
system would be

dI
S = KCelln —1) = k(1) (5)

This equation can be rearranged as to lump the kinetic param-
eters together into one kinetic variable (k) as is done in fitting
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Table 1. Kinetic Parameters Found from Concentration
Dependent Curves”

K k. Kp  95% Confidence

Experiment R*Val (ﬂM-s)f1 (s (uM) Kp (uM) Range

ATBto GafD 09707 2.00 x 10~ 0.0082 4 2—14

Fuc-Biotin to  0.8649 7.00 x 10~° 0.0074 106 58—192
PA-IIL

Fuc-Strept to 0.9367 0.0001 0.0142 142 N/A
PA-IIL

GlcNAc-Biotin - 0.941 0.0002 0.0037 19 11.5-28.5
to GafD

GlcNAc-Strept  0.99 0.0003 0.015 50 N/A
to GafD

“95% confidence ranges are not available for the less-affined glycan-
streptavidin probes with the current platform.

SPR data:*
dr
i ke Colmax — ks(I;) (6)
ke = keCq + ke (7)
Integrating eq 6 yields the equation for the absorption curve:
I = M(1—e ™) + 1, (8)
ke Cel,,

_ } 9
kiCq + kg ©)

Thus by obtaining absorption curves at three to four different
concentrations of glycosylated analytes (C,) and fitting them to
eq 8, one can plot k, versus C,. A linear trend supports this
binding mechanism and kinetics. As eq 7 shows, the slope and
y-intercept of this line correspond to k¢ and k, respectively.

Concentration dependent absorption curves were obtained
for controls, anti His-tag antibody, free biotinylated glycans (Fuc
and GlIcNAc), and glycans tethered to streptavidin (Fuc and
GlcNAc). The controls (Figure 4a) revealed a positive response
for the Fuc-Streptavidin probe to PA-IIL lectin and GlcNAc-
Streptavidin probe to GafD lectin. It is also revealed a negligible
response to blank streptavidin as well as biotin. Here we must
mention that the first 20 frames of the absorption curve often
contain artifacts due to the manual additions of analyte (pipet tip
to edge of spot). Thus in fitting the absorption curves to eq 8 we
have set the fit parameters to optimize the fit on the curved
portion of the isotherm rather than the artifacts at the beginning
of the curve. Also the absorption curves have been linearly
corrected for focus drift caused by tension on the z-axis focus
due to direct contact with the glass. This small correction (less
than 0.05% of the signal) is made by linearly fitting the end of the
absorption curve when the system is again at equilibrium.

The curves for anti His-tag antibody (Figure 4b) were
obtained for 1500, 500, 166, and 55 nM concentrations inter-
acting with GafD lectin tethered to the SWNT sensor. The
resulting k, fit was highly linear (R* = 0.971), and the resulting k;
k., and Kp, values are tabulated in Table 1. The Ky, of 4 M found
for our murine produced anti His-tag antibody (Sigma H1029)
correlates well with the 1 #M found by Biacore SPR studies.*'
The concentration dependent curves for free biotinylated fucose
(40, 13.3, 4.4, and 1.5 uM) to PA-IIL lectin (Figure 4c) and
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Figure S. Selectivity of SWNT-Lectin sensors. Greater response of
known high affinity pairs (Fuc to PA-IIL and GlcNAc to GafD) than the

cross reactions.

tethered fucose-streptavidin probes (10, 3.3, 1.1, and 0.4 uM) to
PA-IIL lectin (Figure 4d) also fit the SPR-like kinetic model well,
and their kinetic parameters are reported in Table 1. The Ky,
values of 106 and 142 uM found by our sensor for free and
tethered fucose to PA-IIL are weaker than the previously
reported 3 uM found by isothermal titration microcalorimetry
(ITC).* It is often observed that surface tethering of a receptor
results in an increase in Kp, often by orders of magnitude;43
therefore the decreased affinity of our surface tethered approach
compared with ITC measurements of solution phase binding is
expected. The discrepancy in Kp measurement may also arise in
the chemical modification of the glycan or the tethered presenta-
tion of the lectin on the surface. The binding of free biotinylated
GlcNAc (50, 16.6, and 5.5 uM) and GlcNAc-streptavidin probe
(10,3.3, 1.1 uM) to GafD lectin (Figure 4e—f) also followed the
model. The fitted kinetic parameters are reported in Table 1. To
our knowledge, this is the first measurement of GIcNAc to GafD
kinetics on any platform, although there are many glycan-array
studies showir}é a high relative affinity of GIcNAc to GafD over
other glycans.**~*

We also checked the selectivity of the SWNT-Lectin sensors
by measuring the cross response of our glycans and lectins
(Figure S). The PA-IIL lectin showed negligible binding to the
GlcNAc-Streptavidin probe, whereas the GafD lectin exhibited a
small affinity for Fuc-Streptavidin. However the cross affinity of
Fuc-Streptavidin to GafD was much smaller than the known
strong-binding combination of fucose to PA-IIL. This demon-
strates that the SWNT-lectin sensors could potentially be used to
distinguish between sugar groups, especially as the sensor signal
is optimized.

The overall change in signal intensity is small (3—5%) for
ensemble measurements of glycan—lectin binding for this system
(Figure 3). We asked if the observed response was homoge-
neous, meaning that each SWNT responds to this small degree,
or inhomogeneous, where a subset of SWNTs modulate to a
much greater extent. The use of single nanotube spectroscopy
allows one to address this question (Figure 6a). Our laboratory
has used this approach for other single molecule sensitive platforms
using SWNT-based sensors for H,0,,*** NO,3° glucose,43 and
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Figure 6. Single SWNT sensor measurements. (A) Experimental setup: a thin film of chitosan-SWNT is spin-coated on the glass chip and excited by a
660 nm crystal laser, and the resulting emission is analyzed by an InGaAs array. (B) The array produces a tiff image per time frame where each pixel value
denotes the fluorescent intensity; in this manner single SWNT can be visualized. (C) By binning 2 x 2 pixel regions for the brightest 1000 SWNT,
individual traces of fluoresce intensity versus time can be created for each SWNT sensor. These traces are then noise-reduced and fitted to determine
kinetic parameters (--- denotes addition of GIcNAc-Streptavidin at 10 #M to GafD). (D) An ensemble average of the individual SWNT sensors can be
approximated by adding the signals of 150 SWNT sensors (--- denotes addition of GlcNAc-Streptavidin at 10 #M to GafD).

nitroaromatics.”’ The resulting thin film of chitosan wrapped
SWNTs (Figure 6b) was imaged at a frequency of 1 frame
per second using our InGaAs array setup. Using software devel-
oped in house, we can analyze the movies of SWNT fluorescence
and extract intensity time traces for each of the individual SWNT
sensors (Figure 6¢).>° We have also recently developed an
efficient algorithm (submitted work to Bioinformatics; annotated
code is freely available online at http://web.mit.edu/stranogroup/
NoRSE.txt) for fitting large quantities of these time traces to
embedded fluorescent levels.>> Briefly, the algorithm uses an
optimized form of an established noise-reduction algorithm for
biological experiments>” to clean the traces (Figure 6¢). It then
evaluates all-points histograms of each trace to determine the
unique fluorescent states of each trace. The resulting step traces
(Figure 6¢) are then used to determine the forward and reverse
kinetics of each SWNT sensor. Before analyzing the kinetics
of each individual trace, the prior ensemble experiments were
approximated by summing the intensity values of noise-reduced
traces from 150 individual SWNT sensors (Figure 6d). The
resulting signal modulation of the GlcNAc-Streptavidin probe
(10 uM) to GafD is nearly identical to that of our ensemble
measurements (~3.5% response).

The kinetic analysis of individual SWNT sensors helps
determine the locations of “strong transducers” based on overall

17930

signal modulation and dissociation constant. Intensity versus
time traces are extracted from the brightest 1000 SWNT sensors
(Figure 7a) and analyzed for a time period of 40 s before and after
glycan addition. The location of the eight top SWNT sensors
based on signal modulation (each greater than 5%) is easily
determined (Figure 7b). To determine the Kp, of each SWNT
sensor, the traces are noise-reduced and fitted by the NoRSE
algorithm®” and then kinetic parameters are found with the
previously reported Birth—Death kinetic model.*>*® The first
40 s of the trace (before glycan addition) are used to determine
the background k¢ and k, rates for each SWNT sensor (due to
intrinsic fluctuations of the tethered group) and then subtracted
from the k¢ and k, rates found after glycan addition. Of the 1000
traces analyzed, 289 traces had sufficient signal over the back-
ground fluctuations to determine the Kp, upon glycan addition
(Figure 7c). Locations of the four strongest transducers, with Kp,
values less than 10 uM, were determined. It is interesting that
these strong kinetic transducers were not the brightest SWNT
traces but rather traces with 50 to 75% the intensity of the
brightest recorded. This may reflect the insensitivity of small
SWNT bundles to this sensing mechanism. Bundles appear
brighter as a composite fluorescent spot, and their construction
would necessarily shield the interior SWNT from modulation.
Future work will explore this. The population of 289 SWNT

dx.doi.org/10.1021/ja2074938 |J. Am. Chem. Soc. 2011, 133, 17923-17933
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Figure 7. Single SWNT sensor measurement results. (A) a thin film of CHI-SWNT is imaged by the single sensor setup showing a field of sensors on the
glass surface. (B) The sensors can be evaluated individually to find which ones give maximum signal modulation. Shown are curves from eight of the most
responsive with their positions marked by red circles in (A). Vertical dashed lines denote the time of analyte addition. (C) 289 SWNT sensors have
signals strong enough to determine Kp, values; these are plotted versus starting intensity. Four sensors are found to have strong Kp, values (<10 #M), and
their locations are denoted by green circles on (A). (D) The population of Ky, values yields a single Gaussian distribution when plotted as a histogram of

log;0(Kp) values with a mean Kp, of 250 M.

transducers was analyzed to find a K, of 250 &+ 10 uM (Figure 7d).
Further optimization of glycan—lectin kinetic parameters from
single molecule analysis could be achieved with a system that has a
faster sampling time than the current limit of 1 frame per second.

The SWNTSs may differ in their ability to report the Glycan—
Lectin binding events due to accessibility to the analyte in the gel,
inhomogeneous chemistry modifications (more or less NTA
groups per SWNT), SWNT defects, and the influence of multi-
valent binding. We note that we do not see single molecule steps
associated with discrete adsorption steps, as we have seen for
other, small molecule quenchers.>>*" In this case, the interaction
of the analyte with the SWNT is indirect, through the spacer
chemistry that adjusts the Ni** distance to the SWNT. This
mechanism need not be discretized as in the case of adsorption/
desorption of a molecular quencher directly on the SWNT
surface. In the glycan/lectin system, the quenching distance is
continuous. Nevertheless, single SWNTs do respond and con-
tribute to the ensemble response. The fact that the response
can be monitored in a single 2 x 2 pixel spot offers possibilities
to dramatically decrease the quantity of the required analyte.
Even the current responses are an improvement over SPR
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(which can require 20—250 ug of protein analyte at optimal run
conditions®®) since we utilized less than 2 ug of glycosylated
protein or 100 ng of free glycan as the analyte probe. The amount
of lectin (20 ug) used for the SWNT sensors can also be
dramatically reduced be microprinting smaller volumes of pro-
tein directly on an array of optimally responding SWNT sensors.

Finally, these data sets reveal more about the response
mechanism of our Ni-NTA tethered SWNT sensor. As demon-
strated previously," the Ni** appears to act as a proximity
quencher®® to the SWNT; however in this work we have now
done careful time-series analyses rather than static before and
after measurements. In each case of analyte binding, the fluor-
escent signal increases consistent with the Ni** group moving
further away from the SWNT group. According to this model,
the higher the affinity an analyte has for the sensor protein, the
larger the observed increase. To demonstrate this, we include
another time trace of the anti His-tag antibody response to GafD
(Figure 8) which includes an addition step of adding imidazole
(250 mM). Imidazole exhibits a higher affinity for Ni** than a
His-tag group and is often used in protein purification to elute
proteins bound in a Ni-agarose column. The time trace shows

dx.doi.org/10.1021/ja2074938 |J. Am. Chem. Soc. 2011, 133, 17923-17933
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Figure 8. Time response curve showing increased fluorescence response upon addition of all affined analytes, including Imidazole. Upon addition, the
analytes cause steric loading of the tether causing the Ni** to move away from the SWNT; this causes a partial return of the quenched SWNT

fluorescence.

that for each of the additions (His-tag lectin, antibody, and
imidazole) we see an increase in SWNT intensity. This seems to
suggest that the increase in tether length is due to “steric loading” of
the NTA—Ni**—sensor protein complex. As more analyte binds to
the complex, the required space increases and the tethered group’s
fluctuations tend to be further from the nanotube. Multivalency of
the analyte may also play a role (as in the case of glycan-streptavidin
addition) as multiple NTA—Ni**—sensor protein complexes
stretch to meet a single, multivalent analyte.

4. CONCLUSIONS

In conclusion, we demonstrate a sensor array for measurement
of binding kinetics of model glycans. The approach uses recom-
binant lectins as glycan recognition sites tethered via Histidine
tags to Ni’* complexes that act as fluorescent quenchers for
semiconducting single-walled carbon nanotubes embedded in a
chitosan hydrogel spot. As model glycans, both free and strepta-
vidin-tethered biotinylated monosaccharides are studied with
two higher-affined glycan—lectin pairs: fucose (Fuc) to PA-IIL
and N-acetylglucosamine (GIcNAc) to GafD. We find that the
dissociation constants (Kp) for these pairs as free glycans can be
measured as 106 and 19 uM respectively and streptavidin-
tethered 142 and S0 uM respectively. The absolute detection
limit for the current platform was found to be 2 ug of glycosylated
protein or 100 ng of free glycan to 20 ug of lectin. Glycan
detection (GlcNAc-streptavidin at 10 #M) is demonstrated at
the single nanotube level as well by monitoring the fluorescence
from individual SWNT sensors tethered to GafD lectin. Over a
population of 1000 nanotubes, 289 of the SWNT sensors had
signals strong enough to yield kinetic information (Kp of 250
10 #M). This single molecule approach allows us to identify the
locations of “strong transducers” on the basis of kinetic strength
(four sensors with K, < 10 uM) or overall signal modulation
(eight sensors with >5% quench response). The brightest
SWNTs are clearly not the best transducers of glycan bind-
ing. SWNTs ranging in intensity between 50 and 75% of
the maximum show the greatest response. The ability to pinpoint

strong-binding, single sensors is promising to build a nano-
array of glycan—lectin transducers as a high throughput method
to profile glycans without protein labeling or glycan liberation
pretreatment steps.
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