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Abstract

Because the transition from oxidative phosphorylation to anaerobic glycolytic metabolism is
a hallmark of cancer progression, approaches to identify single living cancer cells by their unique
glucose metabolic signature would be useful. Here we present nanopipettes specifically
developed to measure glucose levels in single cells with temporal and spatial resolution, and we
use this technology to verify the hypothesis that individual cancer cells can indeed display higher
intracellular glucose levels. The nanopipettes were functionalized as glucose nanosensors by
immobilizing Glucose Oxidase (GOx) covalently to the tip so that the interaction of glucose with
GOx resulted in a catalytic oxidation of S-D-glucose to D-gluconic acid, which was measured as
a change in impedance due to drop in pH of the medium at the nanopipette tip. Calibration
studies showed a direct relationship between impedance changes at the tip and glucose
concentration in solution. The glucose nanosensor quantified single cell intracellular glucose
levels in human fibroblasts and the metastatic breast cancer lines MDA-MB-231 and MCF7 and
revealed that the cancer cells expressed reproducible and reliable increases in glucose levels
compared to the non-malignant cells. Nanopipettes allow repeated sampling of the same cell, as
cells remain viable during and after measurements. Therefore nanopipette-based glucose sensors
provide an approach to compare changes in glucose levels with changes in proliferative or
metastatic state. The platform has great promise for mechanistic investigations, as a diagnostic
tool to distinguish cancer cells from non-malignant cells in heterogeneous tissue biopsies, as well

as a tool for monitoring cancer progression in situ.

Keywords: Biosensor, Intracellular Glucose, Cancer Metabolomics, Single Cell, Nanopore,

Nanopipette
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All cells require glucose for survival but, because of their rapid growth and proliferation,
tumor cells require increased metabolic activity compared to non-proliferating cells. Cancer
cells are known to alter their metabolic pathways by shifting from mitochondrial oxidative
phosphorylation to anaerobic glycolysis under hypoxic conditions. The latter is an energetically
inefficient process that requires excess amounts of glucose.'” Cancer cells can adapt to the
increased requirement for glucose by increasing expression of glucose transporters GLUT1 and
GLUT12.*° The transition of cancer cells to the glycolysis pathway confers protection against
apoptosis, prolongs survival, increases proliferation and enhances resistance against
chemotherapeutic drugs.”” There is also an association between metabolism and virulence:
oncogenic viruses enhance glucose uptake in infected cells by affecting expression of glucose

transporters, such as GLUT 1 and GLUT?2, as well as glycolytic enzymes.10

While a number of studies have suggested that glucose metabolism in cancerous cells is
altered, and there is speculation that metastatic and drug-resistant behavior might be a result of
this altered metabolism, little is known about the intracellular glucose concentration at single cell
level. "' Identification of individual cancer cells with high intracellular glucose levels in a
population is of great importance to study transcriptomic and genomic differences of such cells,

as they can provide specific targets for new generation cancer therapies.

Because the transition from oxidative phosphorylation to anaerobic glycolytic metabolism
occurs at the single cell level and is a hallmark of cancer progression, we sought an approach to
identify individual living cancer cells by their unique metabolic signatures. Such an approach
would have important uses in monitoring cancer progression, and could have implications in
cancer diagnostics in searching for malignant cells in tissue biopsies. A single-cell approach

could also facilitate the development of novel therapies to block cancer cell progression or
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selectively kill cancerous cells at early stages of development, and the search for drugs that

overcome cancer cell resistance.

Current technologies to investigate cancer biology at the single-cell level utilize indirect (e.g.
microdialysis, nuclear magnetic resonance (NMR) fluorescence spectroscopy, efc.) or destructive
experimental approaches, and do not allow investigation of an intact single cancer cell

12,13 Furthermore,

metabolism due to low sensitivity and selectivity with low spatial resolution.
differentiation between non-cancerous and cancerous cells in a heterogeneous tumor tissue
based on metabolic activities is not possible with conventional methods. Standard biochemical
approaches and metabolomics techniques disrupt and homogenize the heterogeneous tissue,
preventing resolution of glucose utilization in the relative small population of cancer cells.'*
Fluorescence probes have been widely used to study single cell metabolism.' '® Other
approaches have been employed that require 2-photon microscopy; this, however, can involve
photobleaching of tagged glucose, which may not behave like natural glucose.'”'® Notably, most
of these probes have been designed for research purposes to be used on homogeneous cell lines.
Additionally, little is known about the impact of these probes on regular cell metabolism.
Consequently, they cannot be utilized to perform differential glucose measurements in cancer
cells versus non-cancer cells in heterogeneous cell populations like those found in tumors.
Recently, the use of electrochemical microsensors (> 0.7 um) has been demonstrated for
intracellular glucose measurement in frog oocytes and human adipocytes.'” Both models are
examples of large spherical cell types with diameters bigger than 60 um. However, most

adherent human cells, including cancerous cells, fall within a size range of 10-20 um in diameter

and 0.5 to 3 um in thickness. 2 ?' Therefore, manual insertion of such microsensors in adherent
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cells is difficult; moreover, the damage inflicted upon the cells due to the relatively large probe

size may cause inaccurate assessment of intracellular metabolites.

Intracellular investigation at the single-cell level is challenging due to the lack of (i) non-
destructive analytical sensors and (ii) controlled cell targeting technology. To address the
shortcomings of the current methods for single-cell measurements, we have developed a novel
sensing technology taking advantage of an emerging nanotechnology based on the use of
nanopipettes.”> The nanopipette tip is <100 nm, 1/10™ the size of a standard micropipette used
for patch clamp electrophysiology.”> Due to the small pore diameter, the nanopipette can be
inserted into single cells repetitively without altering cellular functions. ** The small size of the
nanopipette tip provides high spatial resolution, and allows site- and target-specific insertion and
measurement of metabolic activities at single-cell level in a heterogeneous cell population.?> 2°
Additionally, nanopipette sensors provide real-time intracellular measurements by taking

27-29
72 We have shown

advantage of scanning ion conductance microscopy (SICM) principles.
previously that nanopipette tips can be coated with biorecognition materials such as antibodies,
aptamers and chelating agents that selectively bind to specific cellular targets.” ** 3" A current is
passed through the nanopipette, and the current changes when antigen binds to the antibody at
the tip. The impedance change can be used for detection of target molecules with high
sensitivity. In this paper, we describe the fabrication of a nanobiosensor to perform direct
measurement of free glucose at the single-cell level. We demonstrate that the nanopipette
technology successfully distinguishes single breast cancer cells from single non-malignant
human cells based on their glucose levels. Our technology can therefore be applied to diagnostic

and mechanistic studies of cancer, and would also be applicable to other investigations of

metabolic heterogeneity in a cell population.
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To adapt our nanopipettes into glucose nanosensors, we developed a targeting system for the
nanopipette with a custom-built SICM setup®® (Supporting Information (SI) Figure S1). This
device allows the automated positioning of the nanopipette tip nanometers above a target cell.
The SICM can be used to insert the nanopipette inside a target cell and then automatically
reposition the nanopipette tip, once extracted from the cell, at the same position in the same cell

for continuous monitoring of an individual cell over time.

Quartz nanopipette surfaces are negatively charged at human physiological pH. Poly-I-lysine
(PLL), a polycationic molecule, is used to functionalize the inner wall of the nanopipette through
electrostatic interactions and hydrogen bonds. Additionally, amino groups on the PLL backbone
provide functionalities where further modification can be performed. To facilitate glucose
oxidase immobilization, the nanopipette surface was activated with glutaraldehyde, which

crosslinks the enzyme to the PLL modified surface (Figure 1A). .

The operational principle of the nanopipette is based on the changes in ionic current at the
functionalized tip. This change is called current rectification. A negative surface charge results in
high current response at negative applied potentials whereas a positively charged surface shows
high current response at positive potential. Taking advantage of this principle, surface properties
after each modification step were characterized using linear sweep voltammetry in a potential
range from -1 to 1 V at a scan rate of 0.1 V/s (Figure 1B). Bare quartz surface is negatively
charged at physiological pH conditions, thus the voltammetric trace is also negatively rectified
(black line). After the poly-1-lysine modification, the ionic current at positive potentials increased
significantly. This rectification bias is due to the protonated amino residues at PLL backbone
(red line). Glutaraldehyde treatment decreases the positive charge at the surface as it binds to

PLL (green line). After the glucose oxidase functionalization, the nanopipette displayed a
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significant negative rectification because GOx contains negative charge at physiological pH
(blue line). Scanning electron micrographs were taken to demonstrate the tip geometry and to
calculate the pore opening of nanopipettes. SEM images showed that the nanopipette pore was

circular and its size was between 90 — 100 nm (Figure 1C).

The glucose sensing principle of a GOx-functionalized nanopipette is based on the catalytic
oxidation of f-D-glucose to D-gluconolactone and hydrogen peroxide (Figure 1D). As a part of
the cellular respiration, cells convert, through phosphorylation processes, glucose into glucose-6-
phosphate, which cannot undergo enzymatic reaction with glucose oxidase.””* Therefore
glucose oxidase is used commonly to determine free glucose levels in bodily fluids. GOx is a
homodimer containing its cofactor flavin adenine dinucleotide (FAD) bound to its two identical
80-kDa subunits. Two simultaneous processes contribute to the concentration-dependent ionic
current changes at the nanopipette. The first is the GOx-catalyzed oxidation of D-glucose
producing gluconic acid, through the spontaneous hydrolysis of the initial product
gluconolactone, that proportionately reduces the pH at the nanopore. The second is the second
generation glucose biosensor like effect. Hydrogen peroxide is the byproduct of enzymatic
reaction and can involve a redox reaction with ferrocene, an electron mediator. 3> The control
experiments conducted in the absence of ferrocene did not show high sensitivity towards glucose
(data is not shown) proving evidence that the total ionic current change is a combination of local

pH change and redox processes.

Figure 1

Figure 2 represents the potential-response changes during the controlled cell finding and
intracellular measurements are performed. It is worthy to note that the first and third parts of the

x-axis are presented in distance. The distance given (~25 pum) in Figure 2 demonstrates the

8
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relative travel distance of the nanosensors between its origin point and cell surface. During the
cell finding protocol a fixed potential of 500 mV is applied (experimental details are given in
supporting information). When current-clamp signal was recorded at 1 nA during the surface
finding to compare with the intracellular measurements, a steady state potential response has
been observed suggesting that the potential was not affected from the locational changes of the
nanosensor. When the nanosensor is in close proximity to a cell, alteration in the electrical signal
initiates computerized cell penetration (Figure S5). Experimentally, the minimum penetration
depth is found to be 0.8 um. When the nanotip penetrates into a target cell, potential-response of
the glucose-functionalized nanosensor changes due to the intracellular glucose level. Typical
recordings in the cell last for 60 sec. After the nanosensor is extracted from the cell, the tip
potential found to be similar to the baseline levels recorded prior to the insertion. This fact
indicates the tip is intact and insertion protocol does not damage the glucose nanosensors, and
also provides evidence that the nanopipette resistance changes only when the glucose oxidase
reacts with free glucose at the nanopore. The cell surface finding and penetration signal are
shown in detail in Figure S5 in the supporting information. These data demonstrate that a single

glucose nanosensor can be reutilized for multiple cell interrogations.

Figure 2

Current-clamp technique which is utilized regularly in our lab has been selected for the
determination of glucose oxidase modified quartz nanopipettes. A fixed current of 1 nA was
chosen for the analytical characterization. The sensitivity of the GOx nanopipette achieved the
highest value at 1nA for glucose. When higher current values were applied sensitivity
dramatically decreased (Figure S2). This might be the result of increased electroosmotic flow at

the close proximity of nanopipette walls pushing ionic species in backfilling solution out of
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nanopore.”®  Experiments were conducted in phosphate buffer and cell growth media,
specifically in sugar free DMEM, and changes in potential-response were recorded. DMEM was
selected for the sensor calibration for intracellular measurements because it provides the most

similar matrix (including amino acids, vitamins, inorganic salts, etc...) to cytoplasmic fluid.

Figure 3 displays the calibration curves obtained with increasing glucose concentration in
PBS and glucose-free DMEM using glucose nanosensors. The sensitivity of the nanosensors was
13.89 between 0.1 and 1 mM and 2.29 mV/mM between 1 and 10 mM glucose for DMEM, and a
sensitivity of 20.40 mV/mM was obtained for PBS. The coefficient of correlation (R?) of the
calibration curves were 0.9318 for PBS and 0.9055 and 0.9725 for DMEM. The bimodal
distribution of the linear range in cell media could be a consequence of two sequential processes
including electrophoretic flow of the substrate to the nanopipette tip and diffusion of the products
from the tip. Several factors can affect this behavior, such as slow diffusion rate of glucose
through the nanopore in the presence of a variety of components present in cell media and fast
enzymatic conversion that concentrates the products (including gluconic acid and hydrogen
peroxide) at the nanopore. To assess the effect of simple glucose addition to the bulk solution,
we performed calibration after each modification step (Figure S3). The nanopipettes in the
absence of glucose oxidase showed no significant changes in potential-response with changes in
glucose concentrations. The coefficient of variation of GOx-functionalized nanopipettes was
calculated to be 10.4%. To determine the specificity of the nanosensor the effect of common
interferences were assessed and GOx-functionalized nanopipettes showed high specificity to

glucose (Figure S4).

Figure 3

10
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After the analytical characterization of the GOx-modified nanopipettes as glucose
nanosensors, we used these sensors to evaluate whether intracellular free glucose levels differ
between breast cancer cell and non-malignant cell lines. We have utilized MDA-MB-231, MCF-
7 and human fibroblasts as cell models. MDA-MB-231 and MCF-7 are breast cancer cell lines.
MDA-MB-231 is a highly aggressive metastatic breast cancer type, whereas MCF-7 is an
estradiol responsive breast cancer line.* These breast cancer cell lines were selected because they
show differential sensitivity to drug treatment; therefore we investigated whether intracellular
glucose levels were correlated with drug resistance. Human fibroblasts were used as a control to
represent normal cytoplasmic conditions.” Intracellular glucose measurements were made in
multiple individual cells from human fibroblasts, MCF-7 and MDA-MB-231 using the glucose
nanosensors. Our glucose nanosensors were inserted using the customized SICM setup described
earlier. After the insertion, a fixed current of 1 nA was applied for 60 sec to perform the

intracellular measurements.

We calculated the intracellular free glucose concentrations of individual cell using the GOx
calibration curve. Each individual cell was interrogated three times to obtain an accurate reading.
Micrographs in Figure S6 were obtained during intracellular glucose measurements, and no
changes in cell morphology were observed, further validating that these nanosensors do not
cause physical damage to the cells. In our previous work, we have used nanopipettes to inject
materials into single-cells and showed evidence that nanopipette manipulations did not cause
functional damage to cells.** In order to demonstrate the viability of cells after nanosensor
insertion; we have employed this approach and utilized bare quartz single-barrel nanopipettes to
label cells with a fluorescence probe. Figure S7 shows a cell labeled with Rhodamine B 5 min, 5

and 24 hrs after nanopipette manipulation. The results clearly demonstrate that nanopipette

11
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manipulations do not cause a lethal damage and cells survive. Figure 4 summarizes the
intracellular glucose levels estimated using our glucose nanosensors for human fibroblasts,
MCF-7 and MDA-MB-231 cells. Six human fibroblast cells were investigated for intracellular
glucose measurements (Figure S6A) and the average free glucose was 0.63 (£ 0.44) mM
(Figure 4). This low level is consistent with previous reports where a FRET based indirect
glucose assay was employed to measure intracellular glucose levels in chinese hamster ovary
(CHO) cells and found average glucose levels in a large cell population at stable growth rates of
0.4 - 1 mM." These early studies, however, could not determine the cytoplasmic glucose levels
of individual cells due to the use of indirect methods lacking selectivity and sensitivity at the
single-cell level. Using glucose nanosensors, we were able to elucidate the metabolic
heterogeneity in a population of human fibroblasts: intracellular glucose concentrations varied

from 0.17 to 1.51 mM (Figure S6).
Figure 4

To evaluate intracellular free glucose levels in breast cancer cell lines, we applied the glucose
nanosensors to MCF-7 and MDA-MB-231 cells. Intracellular glucose measurements performed
on seven individual MCF-7 cells revealed an average glucose concentration of 2.69 (+ 1.47) mM
(Figure 4). The increased glucose relative to the fibroblasts confirms the hypothesized increase
in glucose uptake associated with cancer cell metabolism.”” Moreover, we found a wide range of
glucose levels in MCF-7 cells, from 0.86 to 7.11 mM (Figure S6B). The average glucose level
for MDA-MB-231 was estimated as 1.21 (£ 0.21) mM (Figure S6C). This significant difference
in intracellular glucose concentrations between MCF-7 and MDA-MB-231 may be due to the
differential expression of glucose transporter proteins. In a recent study, MCF-7 and MDA-MB-

231 cells lines were compared for their glucose regulation mechanism by studying the expression

12
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of glucose transporters, finding that hormone responsive breast cancer cell lines, such as MCF-7,
express the GLUT12 protein whereas hormone independent lines, like MDA-MB-231, do not.*
The expression of this transporter could be contributing to elevated intracellular glucose
concentrations. In addition to the glucose transporter, the energetic requirements of different
cancer cell lines may have a part in this intracellular glucose variation.”’ Highly invasive and
metastatic cells have a fast metabolic rate; this allows glucose taken up by the cells to be quickly

phosphorylated by hexokinases to supply necessary energy for proliferation.''

Figure 5

The glucose levels in both cancerous and non-cancerous cells are dependent on the presence
of glucose supply in the medium. To investigate how the intracellular free glucose stock changes,
we exposed the cells to glucose-free media before the glucose nanosensors were inserted. Human
fibroblasts that were incubated in glucose-free media showed low to no change in intracellular
free glucose levels. These results suggest that the consumption of intracellular free glucose in
human fibroblast is a slow metabolic activity; therefore, these cells do not need to maintain a
large inner glucose stock. On the other hand, when the breast cancer cells were incubated in
glucose-free media, the measured intracellular glucose levels were noticeably lower than the
cells in glucose-containing media. The intracellular free glucose levels dropped 31.34% and
25.04% for MCF-7 and MDA-MB-231, respectively (Figure 5). These findings provide
evidence for the active uptake of glucose into cancer cells. Cancer cells need a large glucose
stock in order to keep their altered metabolic processes during an eventual extracellular glucose
variation. Once glucose is depleted from the extracellular media, cancer cells use their internal

glucose stock, which can be rapidly extinguished due to their high metabolism.

13
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In summary, we present GOx-functionalized nanopipettes as glucose nanosensors that provide
the first measurements of intracellular free glucose at a single-cell level. The nanosensor
measures low micromolar concentrations of glucose with a linear range of 0.1 — 8 mM and
sensitivity values of 20.40 and 13.89 mV/mM for PBS and DMEM, respectively. Overall, our
findings demonstrate that intracellular glucose levels are dependent on the cell type. The average
intracellular concentration of free glucose for single human fibroblasts was found 0.63 (+ 0.44)
mM, whereas the intracellular concentration of free glucose for single breast cancer MCF-7 cells
was 2.69 (£ 1.47) mM and for MDA-MB-231 cells was between 1.21(+ 0.21) mM. Intracellular
glucose levels in single metastatic human breast cancer cells were more than 2-fold greater than
non-malignant human cells. This observation is consistent with the greater need for glucose for
metabolic activity of cancer cells for proliferation and tissue invasion and increased level of

glucose transporters, such as GLUT1, GLUT2 and GLUT12 in cancer cells.

In conclusion, the glucose nanosensor technology provides a real time measure of metabolic
activity in cells that can be used to study biology and transformation of single cancer cells in
heterogeneous cell populations with temporal and spatial resolution. The surface chemistry
developed for the immobilization of the enzyme on quartz surface, in this work, can be applied
for the fabrication of a variety of enzymatic nanopipette-based nanobiosensor for single-cell
metabolic analysis. Additionally, the use of nanopipette as a sensing tool expands the limits of
nanobioscience by allowing a tool to get in not only a single cell but also into sub-cellular
entities, such as nucleus. This exciting level of resolution promises to illuminate the
transformation of single cancer cells in heterogeneous cell populations and shows great promise
for new levels of biological inquiry. Currently, efforts are undergoing for the development of

fully automated surface finder and sensor platform to increase the single-cell analysis throughput

14
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up to 120 cells/hour. The utility of the glucose nanosensors reported here is not limited to cancer
cells and can be expanded for the assessment of glucose metabolism other specialized cells and
conditions, e.g., neurons in neurodegenerative states such as Parkinson’s and Alzheimer’s

diseases.
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Figure 1 (A) Schematic displaying the surface modifications for the immobilization of glucose

oxidase to the nanopipette tip. First, the inner surface of quartz nanopipette is coated with PLL.

glucose oxidase. (B) Electrochemical characterization of nanopipette after each modification
step. Supporting electrolyte was 10 mM PBS (pH 7.0). (C) A typical SEM image of the
nanopipette tip. Inset displays the tip geometry. (D) The enzymatic conversion of D-glucose to
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Figure 2 Single cell surface finding and intracellular glucose measurements using glucose
nanosensor. The potential at the nanopipette tip is recorded providing both a way to assess the
location of the tip relative to a cell. As the tip moves toward the cell, there is no change in
potential but as it penetrates the cell, the potential is greatly increased. Typical recordings in the
cell last for 60 sec. Once the nanopipette is extracted from the cell the tip potential returns to

levels similar to those prior to cell insertion. This indicates the tip is not likely to have been
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Figure 3 Glucose-dependent potential-responses of glucose oxidase modified nanosensor in (A)
10 mM PBS (pH 7.0) and (B) cell media (DMEM). The bare nanopipette did not show
concentration-dependent potential-response changes, demonstrating the specificity of GOx-

modified nanopipette. The potential changes recorded at a fixed current of 1 nA and bandwidth
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Figure 4 The box graph summarizing the average measured intracellular glucose levels of the
cell lines interrogated in this work. Upper and lower bars represent the highest and the lowest

glucose concentrations measured with glucose nanosensors. The boxes show the glucose
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Figure SComparison of intracellular glucose levels in human fibroblasts (F), MCF-7 and MDA-
MB-231 cells in the glucose-rich (NM) and —free (SF) cell media. Different individual cells were
analyzed to obtain average intracellular glucose. Error bars show the standard deviation for 5

replicate measurements.
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