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Abstract

Detection of malignant cells in tissue is a difficult hurdle in medical diagnostics and screening.
Carbon nanotubes are extremely sensitive to their local environments, and nanotube-based field-
effect transistors (NTFETS) provide a plethora of information regarding the mechanism of
interaction with target analytes. Herein, we use a series of functionalized metal nanoparticle-
decorated NTFET devices forming an array with multiple non-selective sensor units as the
electronic “tongue”, sensing all five basic tastes. By extraction of selected NTFET characteristics
using linear discriminant analysis, we have successfully detected and discriminated between
malignant and non-malignant tissues and cells. We also studied the sensing mechanism and what
NTFET characteristics are responsible for the variation of response between cell types, allowing
for the design of future studies such as detection of malignant cells in a biopsy or the effects of
malignant cells on healthy tissue.
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Each cell type has its own unique distinct molecular fingerprint which varies based on the
state of the cell.1 While tissue-to-tissue difference may be major, the distinction between
malignant and non-malignant cells is often very subtle. Targets for detection and
differentiation of malignant from healthy cells include intracellular components such as
DNA, RNA, or proteins? or extracellular components including exosomes, glycans, or
microRNA.3 Detection may be accomplished with histopathology, bioimaging, or enzyme-
linked immunosorbent assay (ELISA).*° Sensors based on the specific detection of
biomarkers have been accomplished through surface plasmon resonance, fluorescence, and
electrochemical interactions.®” Nanomaterials on the size range of many important
biomolecules are ideal for applications in biosensing and cell studies.8-10 The unique
properties of single-walled carbon nanotubes (SWCNTS) continue to generate interest in
biosensing applications.11:12 Nanotube-based field-effect transistors (NTFETS) contain rich
information on mechanism of response and are a useful method for fabricating sensitive and
specific biosensors.13-15 Herein, we present a sensor array approach to distinguish and
categorize species based on the changes of the transfer characteristics of an array of metal
nanoparticle-decorated NTFET devices. The interface between metal nanoparticles and
SWCNTSs features strong electron transfer between metal and the graphitic surface of

SWCNTSs, which allows for sensitive probing subtle differences in chemical environment.
16-19

The NTFETS were fabricated by dielectrophoresis (DEP) deposition of SWCNT network
aligned between interdigitated gold electrodes, followed by metal nanoparticle deposition
using electrolysis (Figure 1a and Supporting Information, Figure S1). The differences in
metal work functions modulate the magnitude of electron transfer into the SWCNT network
for each device in the sensor array.1’ The lack of specificity and high cross sensitivity of
these devices generate a “fingerprint” for each species that can be distinguished through
multivariate data analysis. The so-called electronic tongue (e-tongue) concept has been used
with various sensor technologies to classify taste-related molecules and study cells based on
a specific response pattern.29-25 Herein, we use linear discriminant analysis (LDA) to
classify different analyte species by calculating a discriminant function based on linear
combination of changes in the NTFET characteristics, which maximizes the variance
between analytes and minimizes the variance within each analyte. The five-basic human
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tastants to human gustatory perception — saltiness (NaCl), sweetness (glucose), sourness
(citric acid), bitterness (caffeine), and umami (glutamic acid) — were tested as a proof of
concept. Eleven features were extracted from the NTFET transfer curves (Figure 1b),
compounding a set of 55 characteristics (5 different devices: bare-oxidized SWCNT, Au, Pt,
Rh, and Pd modified NTFETs times 11 characteristics). The selected 11 NTFET
characteristics were: (1) relative change in transconductance, (2) threshold voltage (V)
shift, (3, 10) relative change in conductance at +0.6 Vg, (4-9) change in overall conductance
normalized to conductance at Vth, and (11) the relative change in minimum conductance.
These parameters were selected to accurately capture changes in NTFET transfer curves,
which were previously described as “shifting” or “tilting” depending on the nanotube
interactions with analytes.13 The data matrix containing the response and replicates of each
tastant were input into PAST statistical software for LDA.26 All 11 characteristics were
required to successfully differentiate between the five tastants in first two dimensions with
canonical vectors of 67.55% and 15.87% (Figure 1c¢). When only three main device
characteristics (min/max conductance and threshold) were considered, the five tastants could
not be fully distinguished through LDA (Figure 1d). Regarding human and computational
efforts, 11 points show to be a reasonable number to represent the changes in transfer
characteristics covering the predominant mechanisms identified in NTFET biosensors
including electrostatic gating, charge transfer effects, changes in scattering sites, charge-
carrier mobility, and modulation of Schottky barriers.13 No single mechanism is expected to
dominate, but rather weakly contribute to an overall signal.

Cell discrimination was explored with a sensor array based on a series of three gold
nanoparticle-decorated NTFET devices: bare gold (Au-SWCNT) and AuNP modified with
SAMs of dodecanethiol (DD-SWCNT) and lipoic acid (LA-SWCNT). While Au-SWCNT
devices interact directly with the cell samples, DD-SWCNT and LA-SWCNT have their
interactions mediated by their terminal uncharged and charged moieties, respectively, which
are expected to interact nonspecifically with the multitude of available biomolecules present
on the cell surfaces and in the medium, modulating the changes in NTFET characteristics.

Initially, a set of three murine tumor cell lines (B16 melanoma, 3LL lung carcinoma, and
EL4 lymphoma) were tested. NTFET transfer characteristics were collected from each
device type in PBS as a baseline, and then a single cell solution in PBS at a 10° cells-mL™1
was introduced to the chip surface and allowed to incubate. For all samples, a minimum of
eight devices were measured (two chips containing four devices each) per surface type.
NTFET characteristics for B16 melanoma cells are presented in Figure 2. The shift between
the curves show the subtle differences in the response of each device functionalization
(Figure 2a-c). Full data set is available in Supporting Information (Figure S2) along with
statistics (Figure S3) for all cells. Individual NTFET characteristics such as
transconductance and minimum conductance (Figure 2d-e) cannot adequately distinguish
between the cell cultures, and aforementioned 11 parameters were used with LDA to classify
them.

A data matrix containing the response and replicates of Au-SWCNT, DD-SWCNT, and LA-
SWCNT to B16, 3LL, and EL4 tumor cell lines were input into PAST software and LDA
was performed. By reducing a set of 33 variables (11 parameters times three surface types)
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to two canonical vectors, successful differentiation between the cell cultures was achieved
with 100% of accuracy (Figure 2f). Three surface types are required for the correct cell
culture classification, as any single surfaces do not result in good separation of data
(Supporting Information, Figure S4) and misclassifications occur (Supporting Information,
Table S1). To demonstrate the utility of the NTFET sensor platform and methodology
toward more realistic samples, several types of murine tissue were harvested. Skin, spleen,
liver, lung, and bone marrow samples were collected. After LDA, the first two canonical
vectors account for more than 86% of data variance, allowing successful classification of all
tested tissues (Figure 3a), although all three surfaces type are required (Supporting
Information, Figure S7 and Table S2). To further show the ability of the platform for
analyzing tissue samples, a blind sample was provided and tested with the sensor array. LDA
can be used to classify objects in classes, but also to assign new objects to the appropriate
classes.?” The data set generated previously was used and an unknown cell solution
analyzed. After LDA, the unknown was successfully identified by the clustering pattern as
bone marrow in three samples (Supporting Information, Figure S8)

The previous results were combined in LDA to probe the method capability to distinguish
between healthy tissue and their malignant counterparts. The results show that the first two
canonical vectors were not sufficient to discriminate the classes, as they only account for
~82% of the variance (Supporting Information, Figure S9). However, a third variable
accounting for additional 9% allows 3D visualization (Figure 3b). The platform can
successfully characterize all the cell lines and murine tissue cell types tested.

Certain NTFET characteristics are associated with mechanisms contributing to response and
therefore provide a deeper understanding of the sensor mechanism. Each Au-SWCNT
surface tested presented negative shifts in threshold voltage between ~100-200 mV, on
average. This shift results from electrostatic gating and charge screening from the plethora
of positively charged molecules and lipids available in the surface membrane of the cell
samples and is commonly observed in p-type NTFET biosensors. A reduction in the overall
conductance of the devices observed through changes in their minimum conductance
indicates the presence of charge transfer between absorbed molecules and AuNPs or directly
to the SWCNT surface. The observed changes in transconductance provide evidence for
modulation of charge carrier mobility (holes) through charge scattering, but this change may
also be related to changes in capacitance on the surface of the device. Determining which is
contributing here is difficult hurt due to the relatively low conductance in the n-type region
(i.e., positive gate potentials) compared to the p-type region (i.e., negative gate potentials),
typical of liquid-gated NTFET devices. Overall sensing mechanism is quite complex and
likely relies on combinations of several of these interactions.

LDA can provide a deeper understanding of the difference in interaction of various cell types
with the studied surfaces. The variance contribution of each characteristic considered in
LDA could be calculated in terms of the intensity of its loading vector in a biplot graph
(Figure 3c-e) and therefore which mechanisms predominate for the classification. The most
important NTFET parameters associated with variance in the data among cell types involve
LA-SWCNT and Au-SWCNT variations in conductance at £0.6 V (characteristics 4 and 9 in
Figure 1b), which were involved in the “tilting” or “bending” of the curve, ascribed to (i)
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modulation of Schottky barriers between gold and the SWCNT, (ii) changes in capacitance
of device surface, or (iii) changes in hole carrier mobility of the device, followed by changes
in conductance across the curve in DD-SWCNT and Au-SWCNT devices (characteristics 5
and 6 in Figure 1b), which could be ascribed to electrostatic gating effects.

Different interactions could be associated with the observed electrical response: membrane
interactions driven by cellular adhesion to the surface and various contributions of
extracellular environment, which varies between cell and tissue types. The contribution of
the extracellular environment was probed by treating bone marrow cells with monensin, an
inhibitor of exocytosis. This treatment resulted in a large change in LDA result (Supporting
Information, Figure S10), indicating that the extracellular environment plays a significant
role in the overall NTFET response. Optical images of normal bone marrow cells after
NTFET measurements are presented in Figure S11.

A new method to extract features of NTFET covering the predominant sensing mechanisms
previously described in the literature were incorporated into LDA analysis, which allows for
differentiation between the five basic tastants for human perception, several murine tissues
and their cancerous counterparts. The method allows for the direct visualization of the
contribution of mechanisms associated with sensor response, important for the design of
future applications which may include, but are not limited to: electronic tongues and noses,
detection of malignant cells in biopsied tissues, studies probing the effects of malignant cells
on healthy cells, and response of immune cells to drug treatment, all of which require
tracking subtle changes in the local biochemical environment for reliable measurements.
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Metal nanoparticle-decorated NTFET. a) SEM micrograph of Si chip with interdigitated
gold electrodes (scale bar = 200 pm). Inset: close-up of gold-decorated SWCNT network
(scale bar = 1 um). b) Source-drain conductance versus gate voltage (G-Vg) of NTFET in
nanopure water and after exposure to glutamic acid at 1 mM. Numbers represent G-Vg
parameters examined in this work. c, d) LDA results of the five tastants to human perception
using c) eleven characteristics and d) three selected characteristics (depicted in blue in panel
b). Ellipses represent 95% confidence intervals.
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Figure2.
G-V curves, statistics, and LDA response to cancerous cell cultures. a-c) Characteristic

NTFET curves for bare gold (Au-SWCNT), dodecanethiol (DD-SWCNT), and lipoic acid
(LA-SWCNT) devices and their respective response to B16 melanoma. d-e) The average
relative change in transconductance and minimum conductance (parameters 1 and 11 in
Figure 1b, respectively) to 3LL, EL4, and B16 cell lines. Error bars represent one standard
deviation. f) LDA result of all data collected for the three cancer cell lines condensed into
the two canonical vectors which give the maximum variance in the data. Ellipses represent
95% confidence intervals.
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Linear discriminant analysis of healthy tissue versus cancer cells. a) LDA analysis of cells
from healthy murine tissue samples. The first two canonical vectors explaining over 86% of
variance in the data. Ellipses represent 95% confidence intervals. b) LDA results of healthy
murine cells and their malignant counterparts lines: skin and B16 melanoma, spleen and
EL4 lymphoma, lung and 3LL carcinoma. c-e) Biplots graphs showing the loadings vectors
of each characteristic for cancer cell lines c), healthy murine tissues d), and healthy murine
cells and their malignant counterparts cell lines e.
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