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anomaterials are being actively re-

searched for making electrical inter-

faces with cells." They have been
used for sensing cellular responses with
potential applications as sensors, biomedical
devices, and energy harvesting systems.*°
In particular field effect transistors (FET)
of nanowires, carbon nanotubes, and re-
cently graphene have been used for this
purpose.>*' The cells in these devices
are placed over an FET forming a cellular—
electrical interface. Here we show the inter-
facing of chemically reduced graphene (GR)
sheets with eukaryotic yeast cells. The GR
sheets deposit on the cell surface forming
an electrically conductive layer and demon-
strate electromechanical coupling to the
cell. Since the GR sheets are on the cell
surface, changes to cell volume and surface
stresses can be observed. Such mechanical
coupling can be used to study the dynamics
of cell surface stresses, which are of impor-
tance in processes such as cell growth,
division, and response to physiological fac-
tors such as osmotic stresses. In particular,
GR sheets as two-dimensional electronic
material have extremely high charge carrier
mobility, high mechanical modulus and
strength, and optical transparency.”' ~'* The
micrometer scale size makes GR sheets ide-
ally suited for interfacing with surfaces of the
cells without being transported into the cy-
toplasm. Their nanometer scale thickness
and mechanical characteristics, makes the
electrical conductivity of GR sheets highly
sensitive to structural deformation (due to
formation of ripples and folds).'>'® This effect
is used to electrically detect in real time the
response of the cells to physiological stress
upon exposure to ethanol and 2-propanol. As
the transient change in conductivity can be
recorded, the cells differential response to
the applied stresses is characterized.

RESULTS AND DISCUSSION

Yeast cell, Saccharomyces cerevisiae's
(SaC) has been well characterized and is
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ABSTRACT Interfacing cells with nanomaterials such as graphene, nanowires, and carbon

nanotubes is useful for the integration of cellular physiology with electrical read outs. Here we show

the interfacing of graphene sheets on the surface of yeast cells, leading to electromechanical

coupling between the sheets and the cells. The cells are viable after the interfacing. The response

caused by physiologically stressing the cells by exposure to alcohols, which causes a change in cell

volume, can be observed in the electrical signal through graphene. The change in the cell volume

leads to straining of the sheets, forming wrinkles which reduce the electrical conductivity. As the

dynamic response of the cell can be observed, it is possible to differentiate between ethanol,

2-propanol, and water. We believe this will lead to further development of cell-based electrical

devices and sensors.

KEYWORDS: cell - nano-bioelectronics - electromechanical coupling - dynamic cell

response - graphene

used extensively for development of new
tools in biotechnology.'” This makes it an
ideal organism for development of bioelec-
trical devices to study cellular response.
Here, its propensity to bind with Ca®" ions
is utilized for interfacing with GR sheets.'®
The basic scheme of the process is shown in
Figure 1a (details in Supporting Information).
Briefly, Ca®>" ions are bonded to citrate-
functionalized gold nanoparticles (12 nm),
forming Ca—Au."® Subsequently, graphene
oxide (GO) sheets (prepared by Hummer's
method)?®?' due to their carboxylic and
hydroxyl groups easily interface with the
Ca—Au nanoparticles. The results of this
binding are presented in field emission
electron microscopy (FESEM) and transmis-
sion electron microscopy (TEM) images of
Figure 1b,c, where Ca—Au nanoparticles
with necklace-like morphology are seen
attached on GO sheets. The GO—Ca—Au
assembly is then reduced to GR—Ca—Au
by using glucose and ammonium hydroxide.2
The Raman spectra of graphene and gra-
phene oxide show the characteristic G and
D bands with the relative decrease in the
intensity of the G band on reduction
(Supporting Information).?®* The pH is kept
neutral. For FESEM characterization the
GR—Ca—Au sheets are absorbed on silica
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Figure 1. Graphene sheets are interfaced with yeast cells,
SaC using calcium ion functionalized Au nanoparticles. (a)
Au nanoparticles are functionalized with calcium ions
transforming them into branched-chain assemblies. Sub-
sequently, the Ca—Au nanoparticles are deposited on the
GO sheets forming GO—Ca—Au assemblies that are reduced
to form GR—Ca—Au. Yeast cells, SaC, are then interfaced
with the GR—Ca—Au sheets using the calcium ion function-
alization. (b) FESEM image showing GO sheets interface
with the Ca—Au NP. The GO—Ca—Au assembly spans the
~4 um gap across the Au pads on the Si chip. (c) TEM image
shows qualitatively similar interfacing between the GO
sheets and the Ca—Au NP.

substrates (plain substrate and also with patterned
Au electrodes) after silane treatment (details in Sup-
porting Information), hence there are no solvent eva-
poration effects. The TEM and FESEM images are
qualitatively similar. The Ca®" ions on the surface
serve as the interface for binding of the GR sheets with
yeast cells.

Yeast cells harvested at their initial log growth phase
after washing twice are added to GR—Ca—Au solution
(details in Supporting Information). After 1 h of incuba-
tion at room temperature the GR—Ca—Au cells are
then deposited on silane-treated silica substrate with
Au electrodes. FESEM analysis of the samples clearly
shows the GR sheets on the surface of the cells with the
Ca—Au nanoparticles (Figure 2a). Without the Ca—Au
nanoparticles no significant deposition of the sheets
on the cells is observed (Figure 2d), as both have a
negative zeta potential in solution. The image also
shows good contact between the electrodes and the
GR sheets on the cells (Figure 2b). As the GR—Ca—Au
sheets are deposited on the cell wall (which encapsu-
lates the plasma membrane), it still permits a free
functioning of the plasma membrane. Further the gaps
between the deposited GR sheets (Figure 2a,c) allow
the cells to sustain exchange processes with their
surroundings, crucial to their survival. The results from
a live—dead viability probe show that the cells main-
tain their metabolic activity and are healthy after
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interfacing with the GR—Ca—Au sheets (Figure 2e).
For the viability test, GR—Ca—Au cells are incubated
with FUN1 viability indicator and Calcofluor White.
Metabolically viable cells uptake the FUNT dye into
vacuoles and shift its fluorescence to red from green
(Figure 2e), hence, appearing as red spots in the cell.
Calcofluor White has a blue fluorescence and stains
only the cells wall, Figure. 2e.* Figure 2f is a stacked
3-D confocal image of the cell showing that the red
spots from FUNT are inside the cell and the blue
fluorescence is on the surface (greater blue light
intensity from the edge of cell) (more images in
Supporting Information). The staining of the cell wall
as blue and the presence of red fluorescence inside
the cells also confirms that the dyes are able to diffuse
through the gaps in the GR sheets and interact with
the cell. Incubation of GR—Ca—Au sheets with FUN1
dye only leads to a decrease in the fluorescence
intensity without any shift in the emission spectrum
(Supporting Information).

To make an electronic cell, the GR—Ca—Au cells are
deposited between gold electrodes patterned on silica
substrate with spacing of ~2 um. The current voltage
characteristics of the cell are shown in Figure 3a. A
linear response with no hysteresis is observed, indicat-
ing a good adhesion to the electrodes. Also Ca—Au
cells deposited across the electrodes do not show any
measurable current (Figure 3a), as the cell wall is
primarily composed of carbohydrates and the Ca—Au
nanoparticle chains deposited on the cells are in
limited density and hence do not form a percolating
pathway for electron conduction. The density is limited
by the relative concentration of the Ca—Au nanopar-
ticles to the cells. Similarly plain SaC cells also do not
show any conduction (magnified images in Supporting
Information). However GR—Ca—Au sheets form perco-
lating pathways on interfacing with the SaC cells due to
their sheet structure (2-D) that has a much larger
surface area. The coupling of cellular response to GR
sheets is observed when the cells are physiologically
stressed by exposure to alcohol. As observed in
Figure 3b, the conductance of the GR—Ca—Au cells
decreases (reversibly) on briefly exposing them to
ethanol (99%). The exposure time is limited (less than
3 min) to prevent permanent damage to the cells.
Yeast cells show a decrease in cell volume and increase
in surface roughness on exposure to alcohols (such as
ethanol and 2-propanol).>?® This cellular response
leads to compressive stresses on the GR sheets depos-
ited on the cell surface. The stresses induce folds and
ripples in GR sheets, increasing the scattering of charge
carriers and thereby reducing the conductance of GR
sheets, as observed. The decrease in conductance of
GR—Ca—Au cell on exposure to alcohol is a two-step
process, first there is an immediate decrease in
the magnitude of the conductance (Cyep, %), sub-
sequently a more gradual rate of decrease is observed
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Figure 2. FESEM images showing the formation of the GR—Ca—Au cell (a) Two SaC cells spanning the gap between Au
electrodes show clear deposition of the GR—Ca—Au sheets on their surface. The sheets deposit in high density on the cell with
gaps in between exposing the cell surface. (b) An magnified view of the GR—Ca—Au cell on the Au pad shows good contact
with GR sheets. (c) A magnified view of the cell surface shows the GR—Ca—Au sheets and the intermittently exposed

cell surface. (d) Bare GR sheets without any Ca®" ions fail to interface with the SaC cells. (e) Fluorescence analysis of the
GR—Ca—Au cells with confocal microscopy. The yeast cells remain metabolically active after deposition of the GR—Ca—Au
sheets as confirmed by the red fluorescence from FUN1 indicator. Calcofluor indicator stains the cell wall leading to a blue
fluorescent cell outline. (f) 3-D fluorescence image from stacked confocal imaging shows that the blue fluoresce is on the
surface and the red FUNT1 staining is inside the cell.
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Figure 3. Current voltage characteristics of the cell device. (a) The electrical cell shows linear /—V characteristics over multiple
cycles (first and fifth shown here), implying good contact with the electrodes. Ca—Au cells show no observable current on
application of a bias voltage. Inset shows the FESEM image of a Ca—Au cell, and the scale bar is 150 nm. (b) When the cell
is exposed to ethanol (99%) for 40 s., at 100 mV, a reversible drop in conductance is observed. (c) Similar to ethanol, exposure
to 1 M KCl also leads to an instantaneous drop in conductance, while exposure to nutrient broth YPD shows an almost
unchanged response with only a slight increase in conductance (<10%). (d) The conductance of SaC cells with Ca—Au—GO
sheets is more than 2 orders of magnitude lower than cells with Ca—Au—GR sheets.

(ACsjow, mho/sec) (Figure 3b). To contrast this, plain alcohol and the graphene sheets. Further GO—
GR—Ca—Au sheets on exposure to ethanol (and other Ca—Au—SaC cells show more than 2 orders of lower
alcohols) do not show any decrease in the current conductance than GR—Ca—Au cells, hence limiting

(Supporting Information). This signifies that the ob- their use for sensing of cellular response to physio-
served effect is not due to interaction between the logical stresses (Figure 3d)." GR—Ca—Au cell on
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Figure 4. Exposure to electron beam in FESEM, similar to a heat shock, leads to a decrease in cell volume wrinkling the GR
sheets on the yeast cells. Snapshots of the GR—Ca—Au cell at progressive exposure times, 0 (a), 15 (b), and 45 s (c), clearly show
the effect. (d) A magnified view of the cell surface shows the wrinkles in the GR sheet. (e) The intensity plot of the line in panels
a, b, and c shows that the lateral cell dimension decreases due to e-beam exposure.

exposure to 1 M KCl solution (due to hyperosmotic
stress) also show a decrease in conductance, while in
contrast on exposure to YPD nutrient broth the con-
ductance is nearly constant with a very slight increase
(Figure 3c). This shows the device response is due to
the cell behavior rather than to the dielectric effects of
the liquid or contact resistance, as each of these would
be identical for 1 MKCl and YPD, both being in aqueous
medium.

The stress shock to the cell due to exposure to
alcohol is qualitatively similar to a heat shock in redu-
cing the volume of the cell, leading to compressive
stress.?® Figure 4 panels a—c are a snapshot of GR—
Ca—Au cell exposed continuously to a FESEM e-beam
(a heat shock). The cell volume shrinks with exposure,
and the GR sheets on the surface start to wrinkle. The
cell shrinkage as calculated from the line scan shown in
Figure 4e leads to lateral strains of 4.4% and 7.8% after
15 and 45 s exposure. This lays the basis for the
observed decrease in the current on exposing the
GR—Ca—Au cells to alcohol. Also optical images of
SaC cells before and after exposure to 70% ethanol
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for 10 min show the decrease in cells volume (Sup-
porting Information). Prolonged exposure to alcohol
for more than 10 min leads to permanent decrease
in the current, signifying lasting damage to the cell.
The roughness of a GR—Ca—Au cell exposed to ethanol
(10 min) is directly observed in atomic force microscopy
(AFM) images (Figure 5a—c); clearly visible are the
surface wrinkles on the cell confirming the deforma-
tion of the GR sheets due to the stress shock. The
deformations are 10—25 nm in height and appear at
a regular interval (Figure 5c). Unexposed cells have
a smooth surface with surface roughness of less
than 2 nm.%’

The dynamic response of the cell (decrease in cell
volume and increase in surface roughness) to alcohol is
governed by the hydrophobic nature of the alcohol,
which affects its ability to penetrate through the
plasma membrane.?® A more hydrophilic component
aiding the alcohol's rapid penetration into the cell
leads to a faster response. Since the cell is coupled to
GR sheets, the rate of the cellular response is reflected
in the conductivity of the GR—Ca—Au cell device.
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Figure 5. AFM images of GR—Ca—Au cells after exposure to ethanol showing the cell surface roughness and formation of
undulations that strain the GR sheets: (a) phase image, (b) height image of the surface of a cell deposited between Au
electrodes on a silicon dioxide chip (inset of b). The images are 1.3 um square. (c) The profile of the cell surface along the line
marked in panel b shows a cell height of ~0.75 um. The vertical scale is up to 760 nm and the horizontal is up to 1.6 um. The
magnified profile along the line shows the undulations on the surface are 10—25 nm in height. The vertical scale is 33 and

27 nm and the horizontal scale is 350 and 290 nm, respecti

vely, in the magnified views.
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Figure 6. Exposure of the GR—Ca—Au cell to ethanol and 2-propanol solutions at 100 mV produces a dynamic response from
the cell which is observed as change in conductance of the GR layer. (a) Increasing water content in the alcohol solution results

in a faster response from the cell, leading to a rapid change
response from the cell. Increasing water content leads to a
observed on exposing the cell to 90% 2-propanol. In comp
in panel d.

The two observed parameters Cyep and ACyq,, are
used to characterize the response of the cell to the
alcohol stress shock. To this effect, the GR—Ca—Au
cell is exposed to five different concentrations of
ethanol (99%, 90%, 80%, 70%, and 60% by volume),
Figure 6a. As observed the initial step decrease in

KEMPAIAH ET AL.

in conductance. (b) The parameters Cg, and AC;,,, quantify the
larger Ciep, while reducing the AC 0. (€) A similar trend is
arison to 90% ethanol, the cell response is slower as quantified

conductivity, Csep, becomes larger in magnitude with
increasing water content (individual figures in Sup-
porting Information). Figure 6b summarizes the results
from the stress shocks to the GR—Ca—Au cells. Further
irreversible change in conductivity is observed when
the GR—Ca—Au cell is exposed to 60% ethanol
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solution, implying a permanent change to the cell
morphology. This signifies that 60% v/v fraction of
ethanol is most effective in penetrating the cell. Simi-
larly using 2-propanol (90%) reduces the initial step
decrease in conductivity, Csp (Figure 6¢,d). The grad-
ual decrease, ACow, Of the conductivity becomes
significant with the increasing hydrophobic nature of
the solution. The dual nature of the response (a fast
one, Csep and a more gradual one, AC;0,,) can arise
from an initial rapid change of the cell morphology due
to penetration of the alcohol. The slower response
(AC,10w) arises for alcohol solutions that are slow to
permeate into the cell due to their greater hydropho-
bic component and hence generate a lagged response.
Since these measurements are made on the same cell
the surface coverage of GR is identical for all results.
Qualitatively identical results were observed with other
GR—Ca—Au cells, irrespective of the order of measure-
ment (except 60% ethanol solution was always the last
exposure). The permanent change to cell morphology
with 60% ethanol solution matches well with its com-
mon use as an antiseptic agent.

CONCLUSION

The formation of the GR—Ca—Au cell demonstrates
the interfacing of GR sheets with live cells. The sheets
form an electron conducting pathway on the surface of
the cell. The interfacing with the cell is accomplished
by the use of calcium ions coated Au nanoparticles as
the biocompatible moiety. As the GR sheets are nano-
meter in thickness with their reported modulus in the
range of 1 TPa,'? they deform easily to compressive
stresses leading to formation of folds and wrinkles. A
15% percent decrease in cell volume (due to 5% strain
in lateral dimensions, Figure 4e) will lead to stresses on
the order of 22.5 MPa (bulk modulus of cell wall is taken
as 150 MPa).?° This stress will easily wrinkle the GR
sheets. The height of the wrinkles is ~14 nm as
calculated to these stresses by taking the sheets as
500 nm squares (FESEM images in Supporting
Information) with a thickness of 1.5 nm (AFM images
of GR sheets in Supporting Information).'® This
matches with the observed size of deformations on
the cell surfaces by AFM ~ 10—25 nm (Figure 5c). The
reduction in conductivity due to formation of wrinkles

METHODS

Graphene oxide was made by modified Hummers method
(details in Supporting Information).>®?' Following this Ca—Au'®
was prepared and mixed with GO solution (details in Supporting
Information). The GO was then chemically reduced with glucose
forming chemically reduced graphene (GR).? Yeast cell grown
in YPD broth were washed and mixed with the GR—Ca—Au
solution for interfacing. Subsequently the cells were imaged
with FESEM, TEM by deposition on silane functionalized silicon
chips (and chips with patterned Au electrodes). For testing the
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is used to observe in real time the effect of stress shock
(exposure to alcohol) on yeast cells. A two-step process
is observed: an immediate reaction to the alcohol and a
more subtle gradual response. Further it is observed
that the cell responds with faster dynamics on increas-
ing the hydrophilic nature of the alcohol solution.

Interfacing GR sheets with cells can be expanded
to couple with other cellular responses such as cell
growth and ion channel dynamics. The signal trans-
duction by GR can result from changes in surface
stresses or the chemical potential due to the flow of
jons such as H*. A detailed study of the effect of GR
sheets on the cellular activity will further advance the
field. Examples of the cell on FET-type devices have
shown that cells maintain their biochemical and bio-
electrical activity. Since GR sheets are impermeable
membranes, for cells lacking the cell wall, the degree of
deposition can be controlled by use of sheets with
well-defined size and concentration (e.g., refined by
centrifugation).3® This will limit the cell surface area
covered by GR sheets while still maintaining the
conductivity and cellular activity. The sensitivity of
the device can be further improved by using pristine
graphene instead of chemically reduced graphene.
However this will need development of solution
processing methods to deposit the pristine graphene
on the cell surface. Chemically reduced graphene has
been used for making electrochemical sensors®'3?
and the detection of surface doping by cells and
polymers.®® The advantage of using GO is also due
to its colloidal stability and surface functionalization
that can be used for attaching targeting molecules for
interfacing with cells.>* Cell proliferation is also modu-
lated by mechanical stimulus; such observations can
be coupled to an electrical sensor using the GR sheets.
Similarly growth of cells (increase in the cell volume)
and their division will also create stresses on the
sheets leading to a change in the electrical signal.
Compared to biochemical processes these transfor-
mations are long lasting and hence should result
in a sustained change of the electrical signal. Further
the large area of GR sheets can also be useful for
harvesting of energy from cellular organism, devel-
opment of cells as template to make GR devices and
biomaterials.

viability of cells, the GR—Ca—Au interfaced yeast cells were
targeted with FUN1 and Calcofluor fluorescent reagents, from
Molecular probes L-7009 LIVE/DEAD Yeast Viability Kit
(Invitrogen) (details in Supporting Information). The curren-
t—voltage characteristics of the chemically reduced graphene
interfaced cells were tested using a home-built setup and a
simple flow cell (details in the Supporting Information).
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