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Biofilms have been a breeding ground for creation of novel biomaterials with emergent properties.
We report immobilization of hydrophobic graphene by a growing photosynthetic biofilm. We ob-
tained a conductive biomaterial that can form a Schottky diode when grown on a metallic electrode
surface. Capacitive spectra on frequency axis were obtained for control biofilm, which showed isos-
bestic points at 0.9 and 6MHz when RMS voltage was changed. This implies a two state di-electric
transition. Immobilization of graphene by biofilm shifts such electrical isosbestic points significantly.
The additional implication of the present study is the emergence of voltage dependent conductance
with conductance peaks near the Schottky diode threshold. The observed emergent properties may
be helpful in biomaterial based design of sensors.

PACS numbers: 87.18.Fx,81.05.ue,85.30.Hi, 85.30.Kk

I. INTRODUCTION

Carbon nanomaterials (CNMs) present unique oppor-
tunities for application in electronic devices [1] due to
their electron transport properties. Other than in situ
growth [2] on device surfaces [3], it is difficult and costly
to immobilize CNMs. Covalent modifications [4] often
increase the defect density and impede electron conduc-
tion. Hence non-covalent functionalization [5] is the only
way. Additionally, the high hydrophobicity [6] of CNMs
prevents their dispersion in water.

Graphene is a two dimensional (2D) zero band gap
CNM known for ballistic transport [7] of electrons. Its
additional property of phonon conduction [8] is also
known. Band gap of graphene may be modified by strain
induction [9] wherein some curvature is introduced. A re-
cent study has demonstrated use of Bacillus subtilis cell
in wrinkling graphene sheet and consequent controlled
anisotropy in conduction properties[10]. Graphene de-
vices have been proposed as components of next genera-
tion advanced electronic or sensor devices [11–17].

We have aimed for a green immobilization of graphene
by using biofilms- a process which may be adapted for
a wider class of hydrophobic carbon nanomaterials (car-
bon nanotubes, fullerenes) as well as other 2-D materi-
als. Our process utilizes whole living cells [18], hence
targets a diminished carbon footprint. Cost is low since
growing micro-organisms are used, instead of purified
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biomolecules like lipids [19].

Biofilms are well organized microbial aggregates that
are known for their resilience to adverse environmen-
tal conditions like dehydration, shear stress and chem-
ical agents. We have used the growth process of purple
non-sulphur bacterial biofilm for graphene immobiliza-
tion. Purple non-sulphur bacteria are capable of utiliz-
ing a wide variety of organic matter as nutrition source;
at the same time it is photosynthetic and possesses light
harvesting molecules [20] in its membrane, that act as
electron carriers. They have atypical lipid molecules in
their membranes, known as hopanoids [21], which in-
crease membrane rigidity, and this may be important
for withstanding the usual toxic effect of graphene on
bacterial cells [22]. Conducting nanofibrils and capaci-
tive elements i.e. cytochromes in bacterial (Geobacter)
biofilms [23, 24] have been investigated recently and has
opened up the the possibility of using microbes in elec-
tronic devices.

In most cases one attempts to use graphene as a neg-
ative regulator of biofilm growth[25]. This approach is
closely related to a perception that biofilm corresponds
to that formed by pathogenic bacteria. However if we
consider biofilm of photosynthetic bacteria one may not
be keen to suppress its growth. On the other hand there
may be a beneficial exploitation such as Mccormick et al.
[26, 27], if we can further the stabilization of such films
as it may be useful as a photon capture or sensor device.

Some microbial and algal biofilms have been utilized
for power generation in microbial fuel cells (MFCs).
In situ reduced graphene oxide (RGO) incorporation
has been used to modify microbial mat on MFC elec-
trodes and increase its power output as well as in bio-
photovoltaic devices [27–31]. However these studies have
used graphene oxide which disperses extremely well in
water (indeed is commercially available as dispersions)
as well as bacterial media, and biofilm induced bio-
reduction caused the RGO incorporation into biofilm.
We, on the other hand, have used graphene powder,
whose dispersion in water is poorer, and incorporation
is by the stitching together such hydrophobic material
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by the biofilm. RGO, as a result of possessing higher
defect density, interacts easily with a variety of purified
bio-molecules (e.g. lipids [19, 32–38] and such immobi-
lized systems have been utilized as sensor platforms.

Our initial investigations with this process found in-
dications for Schottky diode formation [39]. The exten-
sive flat surface of graphene prompted us to ask whether
it would serve as substratum for biofilm growth. Al-
ternatively, whether biofilm may act as a hydrophobic
stitch device by incorporating graphene powder added to
growth medium. The main questions being targeted are
(a) how does immobilization by biofilm affect the elec-
tronic properties of graphene (b) how does graphene in-
corporation affect biofilm growth and functionality. This
paper focuses primarily on interaction between the con-
duction behavior of graphene and reactive components
of a living biofilm while presenting some results pertain-
ing to purple non-sulphur biofilm growth in presence of
graphene.

II. MATERIALS AND METHODS

A. Biocomposite synthesis

Bacterial strain used was Rhodobacter capsulatus
SB1003 (RCSB), which is a purple non-sulphur bac-
terium, obtained as a gift from Dr. Patrick Hallenbach,
University of Montreal. The growth medium used was
yeast extract supplemented RCV medium (0.3 g/L yeast
extract, 4 g/L malic Acid, 1 g/L ammonium chloride, 75
mg/L calcium Chloride, 1 mg/L nicotinic acid, 20 mg/L
di-sodium EDTA, 120 mg magnesium chloride, 10 mM
phosphate buffer at pH 6.8).

CVD synthesized graphene was provided by commer-
cial manufacturers in powder form (Quantum Materials
Corporation, Bangalore, AzoNano, UK).

Graphene was immobilized within biofilms by a one-
pot method where the (IDEs) inter-digitated gold elec-
trodes [40] , on glass were submerged in the bacterial
media, graphene and inoculum was added to the same
and anerobic growth was allowed to take place for 4
days, in presence of light (figures 1(a)-(g)). Graphene-
biofilm composites grew as a continuous thick layer that
extended over the metal electrodes as well as in the chan-
nel between two such electrodes, on the glass surface (in-
sulator), see figure 1.

Graphene powder was directly added to culture
medium inoculated with RCSB and biofilm growth was
allowed to take place. Conditions for growth were: in
transparent falcon tubes, kept up-right with no shaking,
at room temperature and in presence of light. Bacte-
rial growth with graphene was typically monitored for 4
days. For imaging purpose however biofilms grown for 11
days was taken. Please note that graphene powder was
added to growth medium without any prior dispersion in
organic solvents or acid. Control samples, without added
graphene, were grown in identical conditions.

FIG. 1: Synthesis of graphene-biofilm bio-composite. (a)
Schematic of components added to bacterial growth medium
and conditions for growth of bio-composite. Panel (b) shows
the set-up upon inoculation. Panel (c) shows gold electrodes
fabricated upon glass coverslip, overall 4 complexes of elec-
trodes are present one of which is shown in Panel (d) in
schematic form. Each electrode complex consists of inter-
digitated electrodes with a gap of 20 micron in between. (e)
shows light microscopic image of micro-fabricated gold elec-
trodes (dark area) on cover-slip with biofilm grown on top.
Image obtained with lowest magnification of light microscope
using 5X objective lenses, image is reconstructed from 3 over-
lapping micrographs of the electrode surface. The relatively
lighter regions are the channels between electrodes containing
no gold but with biofilm grown on the insulating substratum
(glass). Panel (f) is a schematic of the same measurement
set-up in cross-section.(g) Schematic of transformation of ini-
tially pristine graphene during biofilm growth(h)SEM images
show graphene (yellow arrows) trapped by biofilm cells (red
arrows) (ii) compared to micrographs of control samples (i)
which do not show any such trapped structures, obtained after
gold coating (upper row panels). (iii and iv) SEM images ob-
tained before gold coating of fixed samples- bright patches are
conducting graphene. Dark shadows are the non-conducting
cells, bright background is conducting aluminum foil.

Graphene incorporated biofilm grew on the wall of the
falcon tubes. Graphene was initially immiscible in the
aqueous RCV medium and the black mass precipitated
to the bottom of the falcon tube. With biofilm formation
and secretion of surfactants (apparent from increased
soapy frothing) over the course of 4 days of growth, the
black mass became comparatively more dispersed in the
medium. Biofilm formed with addition of graphene was
blackish red and the black tint was most apparent at the
bottom of the falcon tube, with film near the top of the
tube being the least blackened (see figure 1 a,b and g).

Graphene incorporated biofilms were grown by adding
2 (g2), 3.3(g3), 4.4 (g4) and 5.5 mg of graphene to 50 ml
media. Films were grown on bare glass cover-slips, inter-
digitated gold electrodes (IDEs) on glass substrates or
on aluminium foils by inserting them (see figure 1(c-f))

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted April 28, 2017. ; https://doi.org/10.1101/132225doi: bioRxiv preprint 

https://doi.org/10.1101/132225
http://creativecommons.org/licenses/by/4.0/


3

within the falcon tubes where biofilm growth was done.
The cover-slip/foil/IDE remained completely immersed
in the growth medium.

B. Scanning electron microscopy

SEM imaging: SEM images were obtained (see figure
1h)for samples grown on either bare cover-slips or alu-
minum foils wrapped on glass cover-slips. SEM images
were obtained with scanning electron microscope (Model
ZEISS EVO-MA 10) upgraded for imaging with biologi-
cal samples. Images were obtained either with or without
gold sputtering on top of either fixed or unfixed samples
washed with milliQ water and dried at 50C overnight.
Fixation was done with 2.5 % glutaraldehyde, washed,
stained with 1 % osmium tetroxide, washed with milliQ
then dehydrated in graded alcohol.

C. Raman spectroscopy

Raman spectrum of the graphene powder was obtained
by dispersing the graphene powder in chloroform and
casting a drop on quartz substrate. The Raman mea-
surements were performed using a micro Raman set-up
consisting of spectrometer (Lab RAM HR Jovin Yvon)
and a Peltier cold CCD detector. An air cooled Argon-ion
laser (Ar+) with a wavelength of 632 nm as an excitation
light source. Laser was focused on the sample using 10X
objective with a numerical aperture (NA) of 0.9. Power
below 1 mW was used to avoid heating effect with 30
second integration time.

D. Biofilm formation assays

Biofilm formation on electrodes or cover-slip surfaces
was confirmed by washing the IDEs (with biofilm grown
on top) with distilled water and then observing them un-
der light microscope. Figure 2(a) shows an IDE with
control biofilm, i.e. without graphene. Figures 2 (b and
c) respectivey represent the fully grown and and par-
tially peeled biofilm layer in presence of graphene. Pho-
tographs were taken of the IDEs with biofilm grown on
top (see Supplementary Figure S1)

Biofilm formation on the wall of each falcon tube was
quantified by two methods.

• Pigment estimation: For pigment extraction, fal-
con tubes with biofilm grown on their walls was
washed with milliQ to remove any adhering plank-
tonic cells, followed by treatment with 1:4 solu-
tion of chloroform and ethanol, without disrupt-
ing the adhered biofilm. Whole volume of falcon
tubes were filled with organic medium and closed
tubes were kept at 50 C for 45 minutes. The or-
ganic extract was collected without disrupting at-

FIG. 2: Brightfield microscopic images at 20X (a) shows an
IDE with control biofilm, i.e. without graphene. (finger width
is 20 µm)(b) and c repectively represents the fully grown and
and partially peeled biofilm with incorporated graphene. Yel-
low arrows mark the biofilm or graphene incorporated com-
posite.

tached biofilm. Absorption spectrum for each or-
ganic extract was measured in a spectrophotometer
(Thermo Scientific , Model Evolution 300).

• Crystal violet staining [41]: Biofilm biomass was
measured by first washing falcon tubes carefully to
remove any adherent planktonic cells. After wash-
ing, whole falcon tubes were filled with 0.1% crystal
violet in water, kept for 15 mins, then the stain-
ing solution was removed and washed with water
to remove excess dye. The absorbed stain was ex-
tracted by treating the stained biofilms with 30%
acetic acid, and the absorbance of this extract was
measured at 595 nm.

Control and graphene containing samples were grown
and organic extract from biofilm adhered to falcon tube
walls on 2nd, 3rd and 4th days of growth and absorbance
at 370 nm was monitored.

E. Interdigitated electrode (IDEs) fabrication

Two independent sets of IDEs were used for mea-
surement. The capacitance measurements were per-
formed with IDE1 fabricated in our laboratory (gap=20
µm),and the I-V measurements were performed with
IDE2 (gap=10 µm), commercially procured.
a. IDE1 fabrication Glass substrates were first

cleaned using Trichloroethylene, Acetone, Isopropyl al-
cohol and deionized water. They were subsequently
outgassed in a vacuum chamber at 120 C. Thin films
of Chromium and Gold were successively deposited us-
ing resistive heating techniques. Electrodes with 20 m
spacing were subsequently fabricated by standard pho-
tolithography and wet chemical etching processes using a
solution of KI and iodine in water for gold and dilute HCl
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for chromium. Cover-slips containing electrodes were fur-
ther cleaned with isopropyl alcohol and sterilized with 70
% alcohol and air dried in laminar air flow. Biofilms were
grown by immersing these cover-slips in bacterial media
during growth. Device dimensions were: 3X2 digits, di-
mensions: 0.2 mm X 0.16 mm, gap=20 µm.
b. IDE2 A second set of interdigitated elec-

trodes were purchased from commercial manufacturers
Dropsens (IDEAU10) having cell constant=0.0118 cm-1,
number of digits: 125 x 2, a digit length= 6.76 mm and
gap 10 µm. This arrangement was important to achieve
sufficient current for measurement [42].

F. Electrical measurements

Electrical characterizations, with DC (current-voltage
measurements) and AC (capacitance measurements),
were done by contacting gold probes (Probe Station, Cas-
cade Microtech) onto two inter-digitated gold electrodes
by piercing through the biofilm grown on top. Hence all
measurements are for current flow across the channel((see
figure 1 c,d,e and f). A two-probe system was used where
one probe was earthed. The probes were connected to
Keithley 4200-SCS Semiconductor Characterization Sys-
tem for performing measurements. For these measure-
ments live biofilms (controls or containing graphene) were
used. I-V curves were obtained by ramping voltage over
various ranges and using various graphene biofilm stoi-
chiometries. The following enlists the different conditions
under which the electrical measurements were performed:

• All reading in log scale Figure ( 6)

• from -5 V to 5 V and back in quiet mode (IDE2,
control biofilm, Figure ( 7)a)

• from -10 V to 10 V and back in quiet mode (IDE2,
2 mg graphene+biofilm, Figure ( 7)b)

• from -5 V to 5V and back in quiet mode (IDE2, 4.4
mg graphene+biofilm, Figure ( 7)c)

• from -1 V to 1 V and back in quiet mode (IDE2, 4.4
mg graphene+biofilm, Figure supplementary S5

• from -6V to 6 V and back in quiet mode (IDE2, 2
mg graphene+biofilm), Figure (see figure 7(b))

Quiet mode refers to instrumental settings that control
data acquisition time. Fast or quite mode of data acqui-
sition determines dV/dt which affects capacitive current
and hysteretic properties.

Capacitance spectra, on frequency axis (range: from
10 KHz to 10 MHz), were measured using AC voltage.
Bio-composite was found to be insensitive to any DC
bias for these measurements. Root mean square (RMS)
i.e. amplitude of the AC voltage was varied to obtain
capacitance spectra modulation as a function of RMS
voltage from 10 mV to 100 mV(instrumental limits).

III. RESULTS

A. Electron microscopy

SEM images of graphene containing bio-composites
show wrinkled graphene (marked by yellow arrow in (see
figure 1 (h) i-iv) trapped by biofilm cells (marked by
red arrow in these figure panels). No trapped sheet-like
structures may be observed in electron micro-graphs of
control samples. The average diameter of as incorporated
platelets was between 1-2 µm, with a wide size distribu-
tion. Some larger wrinkled sheet like structures were ob-
served, trapped underneath cells. It is to be noted that
these are 11th day samples, by which time cell slough-
ing has occurred to a great extent thus decreasing the
surface area covered by cells. The platelets were con-
firmed as graphene by growing samples on aluminium
foil and obtaining SEM images without gold coating.
The conducting Al foil background showed up as a light
color, the insulating bacterial cells as dark shadows and
the highly conducting graphene as very bright patches.
Micrographs could not be obtained for the dense con-
trol samples without gold coating, since the insulating
samples got burned. Bacteria can be distinguished by
their smoothness compared to rough surface of wrinkled
graphene clusters.
a. Immobilization mechanism From the SEM im-

ages, the immobilization appears to be due to trapping
of wrinkled graphene underneath biofilms and in between
layers of biofilm cells. Purple non-sulphur biofilms adhere
strongly to a large variety of surfaces [43] due to the pres-
ence of extra-cellular polysaccharides (EPS) and associ-
ated proteins. In addition, previous studies have shown
incorporation of graphene into bacterial membranes, by
hydrophobic interaction with phospholipid tails [22, 33].
The release of FlWG from clumps, as initially added,
is probably due to surfactants released during biofilm
formation [44]. Surfactants have been previously useful
for obtaining single or few layered structures from multi-
layered 2D material [45].

B. Raman characterization

Raman spectrum was obtained for the graphene that
was used for this study. Raman spectrum (figure 3) ob-
tained with red laser (632 nm) showed ID : IG ratio of
1.259 and using the relation of this ratio to average dis-
tance between defects (LD) as in Cancado et al [46], LD

was determined to be 15.194 nm, which is greater than
the average LD for RGO which is around 3-4 nm [47, 48].
Hence our sample had relatively less defects compared to
RGO and hence of higher hydrophobicity. Hydrophobic-
ity is the important parameter that prevents interaction
of graphene [49] with most aqueous based biosystems.

The anomalous hump like 2D peak has been reported
for few layer wrinkled graphene [50] (FlWG), hence we
may infer a part of the used graphene to contain FlWG.
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FIG. 3: Raman spectrum of the graphene used in these ex-
periments, obtained with red laser (632 nm). ID : IG ratio
was 1.259, and corresponds to LD = 15.194 nm. 2D peak
obtained showed a hump. FWHM was much greater than is
typical for monolayered graphene. These features have been
previously described for few layered wrinkled graphene.

This is supported by the abnormally high FWHM of our
samples of 65 cm−1 (G band) and 52 cm−1 (D band), as
previously reported. In addition, the high intensity (al-
most same as IG) around 2D region suggests decoration
of wrinkled forms on the surface of larger sheets (since
FlWG does not have as high 2D) and is supported by
the SEM images of trapped sheets (supplementary fig-
ure S2). Raman spectra of used graphene is important
since FlWG are known to possess an intrinsic band gap
in many cases.

The wrinkled nature is supported by another Raman
spectrum obtained with 488 nm laser, which shows an
average distance between defect of 10 nm (see supple-
mentary figure S3) yet distance between edges of 4.358
nm (according to Tunistra-Koenig relation). Wrinkling
and folding may be responsible for reducing the size by
bringing the edges much closer to each other and increas-
ing the effective defect density. Please note that due to
folding, sheet like structure is modified into platelets or
particulate matter.

Raman spectra of biofilm incorporated graphene could
not be obtained since Raman signal from carbohydrates
(see supplementary figure S4) masked the Raman signa-
ture of graphene. This is proof that graphene was ef-
fectively trapped within extra-cellular polysaccharide, so
that its surface is not accessible to light.

C. Biofilm formation assays

Addition of graphene has been shown to inhibit growth
of bacteria in a number of studies [22, 25]. While growing
the samples used earlier, we observed intenser pigmenta-
tion for graphene containing samples in our case.

Firstly, crystal violet staining of biofilms [41] was
performed as described in Materials and Methods and
amount of biofilm biomass per falcon tube was mea-
sured. Biomass increased with the addition of graphene
in growth media, compared to control. This growth

FIG. 4: (a) Variation in biofilm biomass with increasing
graphene dose, estimated with crystal violet staining assay.
Inset shows the biofilms adhered to falcon tube wall for each
dose. (b) Variation in total pigment content of adhered
biofilm determined by measuring the absorption spectra for
organic extract from biofilms. (c) Absorption spectra of whole
plantonic suspension for control and graphene incorporated
samples.

promoting effect increased with increase in graphene
dose. However for the highest dose (5.5 mg in 50 ml)
biomass was lowered (see figure ‘4(a)). This probably in-
dicates some sloughing off of films for the highest dose of
graphene. The photograph in the inset shows the empty
falcon tubes with biofilm grown on its walls. The num-
bers in brackets indicate quantity of graphene added to
each falcon tube.

With respect to control, the total pigment content of
biofilm on falcon tube walls increased with increasing
graphene dose (see figure 4 (b)), for 4th day biofilms.
This confirms increase of pigment content of biofilms
when grown with graphene. Absorbance spectra of
planktonic suspensions showed increasing O.D. with in-
creasing graphene dose. This further confirms the growth
promoting effects of graphene as well as indicating that
there may be sloughing off from biofilm for the highest
dose (5.5 mg).

The apparent growth promoting effect of graphene on
RCSB biofilms was investigated by studying growth ki-
netics in presence and absense of graphene. From day 2 to
day 4 of growth, absorbance at 370 nm showed a steeper
increase (figure 5 a and b) when 2 mg of graphene was
added, compared to control. This proves that graphene
promotes Rhodobacter biofilm growth.

D. Electrical characterization

Our work shows the interaction between conducting
graphene with charge carrier components in photosyn-
thetic biofilms. IDE2 was used for current voltage mea-
surements. IDE1 was used for capacitance measure-
ments.
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FIG. 5: Total pigment of biofilm over 4 days (a) Change in
pigment content of graphene-biofilm composite compared to
Rhodobacter biofilm over 2-4 days of growth. Estimation of
pigment is given by absorbance at 370 nm of organic extract
(chloroform: ethanol= 1: 4) of composite/control films, which
corresponds to peak shown by organic extract. (b) Shows
photographs of control and biocomposite after growth of days
2 and 4. For both (a) and (b) 2 mg graphene was added to
15 ml falcon tube filled with media. Triplicate sets of control
and graphene containing composites were used for results in
left panel.

FIG. 6: Current voltage measurements for graphene contain-
ing (g2 and g4) and control sample. Graph shows log10 of
absolute values of current as obtained during a single loop
from negative to positive voltage and back. The black loop
represent data for g4 when voltage range was smaller (-1 to
1V and back). Current voltage measurements were performed
with graphene biofilm composites grown on IDE2. For error-
bars see figure 7(a-c).

1. IV curves

Graphene incorporation into biofilm resulted in in-
creased current flow, of the order of 10−3 A, for graphene
dose of 4.4 mg in 50 ml (g4, see figure 6), compared to
control, which gave current of the order of 10−11 A (see
figure 6). For graphene dose of 2 mg in 50 ml (g2, see fig-
ure 6), current was of the order of 10−6 A, thus demon-
strating that current through the biofilm depended on
the quantity of graphene added to growth media. This
proves graphene incorporation into biofilm.

Graphene incorporated biofilms exhibited a thresh-
old (TH) in current conduction; no such threshold was
present in control biofilm (see 7 (a-c)). Threshold may be
taken to be a critical voltage above which current conduc-
tion is allowed. Presence of threshold indicates formation
of a Schottky diode like junction [51] between biocom-
posite and the two gold electrodes. Since graphene is the

FIG. 7: (a) IV curve for control biofilm showing hysteretic
properties (area within the curve) of the biomaterial. (b)
IV curve for biofilm-graphene composite grown with 2 mg
graphene in 50 ml media (g2). Green and purple curves are
for same sample but SMUs were interchanged. (c) IV curve
for biofilm-graphene composite grown with 2 mg graphene in
50 ml media (g4). For (a-c) arrows indicate up or down sweep
of voltage in each case. (d-f) Voltage dependent conductance
derived from (dI/dV) at a given V for control biofilm, g2 and
g4, respectively. The arrows in (f) show smaller conductance
peaks along with the prominent peak at |V | = 3.3V , dI/dV
were for obtained using mean current values.

major conductive element in the biocomposite, we may
conclude emergence of band gap in biofilm incorporated
graphene. The results regarding Schottky threshold are
summarized in Table ??.

For g4 (see 7 (c)), the Schottky threshold was sym-
metric (STH) with forward(F, V > 0) and reverse bias(R,
V<0). Sharp rise in current conduction occured for |V |
> 3.2 V, in both cases.

However typical Schottky barrier was observed only
when |V | was decreased from higher to lower values (i.e.
voltage step-down followed the inequality d|V |/dt < 0 ).
On the contrary if we follow the inequality d|V |/dt > 0
a hump in current conduction was observed (see Figure
7 b,c,e and f) near the Schottky threshold. Associated
hysteresis in the IV curve (area within the curve) may be
noted.

The gradient of current with respect to voltage (dI/dV,
see Figure 7 (f)) i.e. point-to-point conductance showed
sharp peaks at ±3.3V . Smaller peaks were observed at
0.4 and 1.6 V. The hump in current voltage curve corre-
spond to the anomalous conductance peaks at |V |=3.3 V.
Voltage dependent conductance peaks [52] are important
since they may be an indication of ballistic transport, in
this case occuring at room temperature (T >> 77K) .

When measurements were performed over smaller volt-
age range -1 to 1 V (g4s, see figure 6, supplementary
figure S5), for g4, similar current-voltage curve was ob-
tained as compared to -5 to 5 V, but no threshold was
demonstrated. A scaling behavior of the I-V pattern in
the 2 ranges (-1 to 1 V and -5 to 5 V, see figure 6) was
observed.

For g2, threshold was assymetric (ATH, see Figure 7
(b)) and present only in case of forward bias (for green
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TABLE I: Different thresholds and conductance emerging at
varying stoichiometry of graphene and biofilm - experiments
at different voltage ranges

Graphene →a 0 2 4.4
V-Range ↓
-10-10V NDb ATc(6V)dI/dV <0 ND
-5-5V NTd, dI

dV
> 0 AT(2.5V) dI

dV
< 0 STe(6V), dI

dV
> 0

-1-1 ND ND NT

aMg per 50 ml of medium
bNot Done
cAsymmetric Threshold
dNo Threshold
eSymmetric Threshold

FIG. 8: Current voltage curve for g2, overlayed with dI/dV
versus voltage. Shows conductive gating and capacitive gat-
ing. Mean values of current were used.

line). Measurement with reverse bias showed ohmic con-
duction (for green line). Thus one way Schottky diode
was formed. This was confirmed by inverting the source
measure units (SMU1 and SMU3) (see Figure 7 (b),
purple line), which gave an inverted IV curve. This as-
symetry was obtained only when low graphene dose was
used (compare with Figure 7(c)).

For g2, similar to g4, only voltage step-down (d|V |/dt
< 0) resulted in Schottky barrier (conductive gating,
dI/dV = 0, ). For voltage step-up (d|V |/dt > 0), ca-
pacitive gating was exhibited over a voltage range of 3.3
V to 7 V. By capacitive gating we refer to decrease in
current with increase in voltage (dI/dV < 0, see Figure
8). Measurement with smaller voltage range for g2 (g2s)
resulted in shifted Schottky threshold along with disap-
pearence of capacitive gating (blue line see Figure 7 (b)).

The conductance (dI/dV) versus voltage curve (see
Figure 7(e), 8) for g2 shows this gate associated with
negative conductance. Negative dI/dV implies flow of
current opposite to the applied voltage implying emer-
gence of capacitive component (see supplementary Figure
S6). Area under the curve for this negative conductance
region would give magnitude of capacitive current (see
shaded area of figure 8). In figure 8, two regions are
marked as conductive and capacitive gating. The regions
show gates beyond wich current rises steeply.

2. Capacitance profiles

Capacitance profiles of both control (figure 9 (a)) and
graphene incorporated biofilms (figure 9 (b-d)) exhibited
co-dependence on frequency (ν) and RMS of AC voltage
used for capacitance determination. Transition points
were obtained such that capacitance values increased on
one side (blue arrows) and decreased (red arrows) on
other side of a particular frequency, upon RMS voltage
variation. Spectra show an approximate convergent be-
havior near these transition points, i.e. values of capaci-
tance come very close to each other and RMS dependence
becomes negligible. We refer to these characteristic fre-
quencies as capacitive isosbestics points, along the same
line as spectrophotometric isosbestic points [54]. Isos-
bestic points may be interpreted as signifying a two-state
dielectric transition, A→ B, in response to changing AC
voltage amplitude. Isosbestic point is important in the
present context because the media being studied are com-
plex dielectrics, yet isosbestic points provide a specific
benchmark for characterization and detection.

For control biofilms (figure 9 (a)), isosbestic points
were located at 0.9 and 6 MHz. Increased RMS volt-
age resulted in increased capacitance at 0.9 MHz < ν <
6MHz (peak response at 5 MHz) with concomitant de-
crease for ν < 0.9MHz and ν > 6MHz (peak response
at 80 KHz and 9 MHz). Graphene incorporated biofilms
demonstrated changes in both isosbestic points, with the
frequencies corresponding to isosbestic points exhibiting
unusually high standard deviation of capacitance values
for RMS=10 mV. The frequency at which peak response
occured i.e. 5 MHz showed a clear shift to 4 MHz for
higher graphene doses (3.3 and 4.4 mg), see yellow circle
in Figure 9 (a-d). It should be noted that with increasing
RMS, bandpass properties of the dielectric changes and it
transitions into an all-pass dielectric. We may translate
the converging behavior into a frequency gate.

We explain the capacitive isosbestic point as occur-
ing due to dipole alignment sensitivity to amplitude of
sinusoidally varying voltage. Increasing RMS voltage re-
sulted in increasing capacitance at < 6 MHz (peak re-
sponse at 5 MHz) and decreasing capacitance at > 6
MHz (peak response at 9 MHz). This signifies that over-
all there are 2 dielectric states of the material (say P, Q)
each of which show maximum alignment to the right and
left of 6 MHz respectively. Increasing the RMS voltage
converts P → Q. At 6 MHz, decrease in alignment of
one state is exactly compensated for by increase in align-
ment of the other state. Depending upon whether it is a
mole-to-mole P → Q conversion, unique isosbestic point
is obtained, otherwise points of intersection shift.

A shifting convergence point signifies the generation of
inter-mediates [54], during transition from one state to
another. Addition of higher quantities of graphene may
contribute towards generation of dielectric intermediates
e.g. by adsorption of photosynthetic pigments. The high
standard deviation of capacitance (at RMS=10 mV), se-
lectively in the transition zone, strongly points towards
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FIG. 9: (a) Capacitance profiles of control biofilm.A transi-
tion point was obtained (marked by a grey zone in figure)
such that capacitance increased with RMS (from 10 to 100
mV) on one side (blue arrow) and decreased with RMS on
the other side (orange arrow). (b-d) Capacitance spectra of
bio-composites (at RMS voltages: 10, 30 and 100 mV) for dif-
ferent amounts of graphene (2, 3.3 and 4.4 mg) added to 50 ml
media. Standard deviations were observed to be abnormally
high for lowest RMS =10 mV, selectively around the tran-
sition zone, only for the graphene containing samples. Fre-
quency of highest response (yellow circle, at RMS=10 mV),
shifted. (e) Dependence of capacitance (at 30 and 100 mV,
and 5MHz) on graphene dose. The pale blue and pale orange
lines are hand-drawn guides for the eye, showing the overall
trend. Values of capacitance are given for device specifica-
tions: 3 fingers, dimensions: 0.2 mm X 0.16 mm, gap=20
µm

role of graphene in affecting dipolar rearrangement in its
vicinity.

Graphene incorporation during biofilm growth resulted
in overall decreased (figure 9 (e)) capacitance, compared
with control biofilm. This indicates that there is forma-
tion of spanning clusters of conducting graphene between
gold electrodes resulting in a discharge current, thus dis-
sipating the charge stored. This is consistent with the
increased current flow with DC voltage. For lower doses
of graphene added (2 mg and 3.3 mg), capacitance de-
creased. For 4.4 mg graphene, the trend reversed and ca-
pacitance increased, compared to lower doses (still lower
than control). Figure 9 (e) shows this dose dependence
for 30 and 100 mV. Increase in capacitance value for
4.4 mg graphene, suggests (a) increase in charge stor-
ing molecules when biofilm growth occurs in presence of
graphene. This was supported by the pigment estima-
tion from biofilms of the different samples (see figures
4(b) and 5(a)) (b) increased di-electric alignment in the
vicinity of graphene caused by stacking interaction with
planar dipoles.

IV. DISCUSSIONS

a. Origin of the Schottky threshold Presence of
Schottky barrier points to presence of band gap in en-
trapped graphene. Change in nature of threshold for
different graphene-biofilm stoichiometries points to mod-
ulation of the band gap by biofilm.

Graphene is a zero-band gap material meaning that
there is no energy gap between its valence and conduc-
tion bands. Hence at room temperature bare graphene
behaves as a metal. However, band gap is generated with
strain induction in graphene or upon [9] functionaliza-
tion. Few layer wrinkled graphene is known to exhibit
band gap [50]. We explain the Schottky diode-like behav-
ior as emerging due to (a) non-covalent functionalization
of graphene by induction into lipid membranes of bac-
terial cells, due to hydrophobic interaction (b) graphene
being held in a strained configuration due to trapping [55]
by extra-cellular polysaccharide (c) the intrinsic band
gap of FlWG modified by the above two processes.

All of the above processes induce curvature in other-
wise flat graphene monolayer [10]. Introduction of curva-
ture is associated with generation of chiral vector. This
curvature is analogous to the curvature in case of carbon
nanotubes. Curvature in CNTs is described by its chiral
vector. The chiral vector in carbon nanotubes is given
by,

Ĉh = nâ1 +mâ2 (1)

where, n and m are integers and â1 and â + 2 are the
unit vectors of the carbon nano-lattice. In terms of the
integers (n,m), the nanotube diameter dt and the chiral
angle which govern their electrical properties are given
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by[56, 57]:

dt =

√
3aC−C

√
m2 +mn+ n2

π
(2)

θ = tan−1

( √
3n

2m+ n

)
(3)

It follows that carbon nanotube is metallic when n =
m, semi-metallic when n-m=3i semiconducting when
n-m 6= 3i i being an integer. Thus chiral vectors affect
band gap.

Hence our next hypothesis from this work is that
graphene-to-bacteria stoichiometry (compare figures 7
(b) and (c)) controls the nature of curvature (represented
by chiral vectors) and hence the emergent band gap of
trapped graphene. This would explain the difference in
nature of Schottky barrier for the two doses of graphene.

V. CONCLUSIONS

Emerging electrical property as a result of interaction
between biofilm and graphene is reported. Biofilm has

been shown to be an effective modulator of Schottky
junction formation on metal electrode surface. Emer-
gence of threshold was found to depend on graphene-
biofilm stoichiometries. Voltage dependent conductance
peaks were observed for higher graphene containing sam-
ples. A frequency gate occured, as revealed by isosbestic
patterns, in capacitance spectrum on frequency axis,
upon varying amplitude of AC input. Thus charge carry-
ing capacity of 2D graphene composite becomes tunable
and the device becomes a switchable capacitor. Raman
spectra reveal the comparative (with respect to RGO)
lower defect in wrinkled graphene nanoplatelet, proving
that biofilm is a cheap hydrophilic platform for immobi-
lizing hydrophobic graphene.
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FIG. 10: *

Figure S1. Photographs of IDEs with biofilm grown on surface. Left: assymetric growth for g2 and right: uniform biofilm
growth for control biofilm

FIG. 11: *

Figure S2. High magnification SEM image showing wrinkled surface of graphene platelet (bright) trapped by biofilm
cells(dark shadows). Image obtained without gold sputtering and composite grown on aluminium foil. Trapped platelets are

on average 2 micron in diameter.
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FIG. 12: *

Figure S3. Raman spectra of graphene sample dispersed in tetrahydrofuran and deposited on silicon wafer, obtained with 488
nm laser. Samples were microwaved for 90 s after deposition and ID : IG ratio for these samples was found to be 1.00958.

This ratio gave LD=10.0055 nm but fitting to Tunistra-Koenig gave LA = 4 nm. This is only possible with wrinkling/folding
of graphene flakes. Peak at 2927 nm was a second harmonic of the one at 1462 nm, which is one of the several defect related
peaks (D”) that have been previously reported. Both presence of D” and a reduced LD of 10.055 nm, compared to chloroform

dispersed samples point towards extensive microwaving having induced defects into the sample.

FIG. 13: *

Figure S4. Raman spectra obtained with dried control biofilm and graphene incorporated biofilm on 5th day of growth.
Composites were grown on quartz pieces and spectra were obtained with 632 nm laser.
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FIG. 14: *

Figure S5. Small voltage range IV curve for graphene-biofilm composite with IDE2.

FIG. 15: *

Figure S6. (a) Open cluster may describe behaviour of the bio-composite material for lower dose of graphene than used for
this work, when charge storage (as given by capacitive current) is not countered by flow of dissipative current in the direction
opposite to applied voltage, i.e. no parallel path exists. Percolation cluster describes our case where there is an alternative,

parallel pathway of current conduction that bypasses the capacitive circuitry, hence capable of dissipating most stored charge.
(b) Capacitor current, given by y-intercept of consecutively run I-V measurements, as a function of time (measurement start)

decreases with time. Threshold voltage for current conduction (for the same runs) as function of time. Threshold voltage
decreases as capacitor current decreases (i.e. becomes less negative).

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted April 28, 2017. ; https://doi.org/10.1101/132225doi: bioRxiv preprint 

https://doi.org/10.1101/132225
http://creativecommons.org/licenses/by/4.0/

