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To Nandita Singh
(Senior science editor of JOVE journal)
2018-05-03

“Polyaniline functionalized electrochemically reduced graphene oxide chemiresistive

sensor to monitor the pH in real time during microbial fermentations”

Dear Editor,

Please consider the paper entitled “Polyaniline functionalized electrochemically reduced
graphene oxide chemiresistive sensor to monitor the pH in real time during microbial
fermentations” for publication as a invited article in JOVE. In this paper we report the
engineering of a solid state micro pH sensor based on polyaniline functionalized
electrochemically reduced graphene oxide deposited on interdigitated gold electrode with 100
um interfinger spacing. We think that the manufacturing and testing of the pH electrode in a
bacterial fermentation is a nice topic for a video paper. The different techniques that are used in
the paper become more meaningful if you can show the reader what we have actually been
doing. This work was published in “Sensors and Actuators B: chemical”. We asked the publisher
of this journal for permission to reuse the graphs from that paper in this video paper as well. If
the publisher does not agree we will make some new graphs from different experiments. Of

course, the data will lead to the same conclusions.

Thank you for considering the paper for publication in JOVE.

Sincerely,
Prof. Dr. Gert Jan William Euverink
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19
20 SUMMARY:
21  Here, we report the protocol for the fabrication of a Nafion-coated, polyaniline-functionalized,
22  electrochemically reduced graphene oxide chemiresistive micro pH sensor. This chemiresistor-
23  based, solid-state micro pH sensor can detect pH changes in real-time during a Lactococcus lactis
24  fermentation process.
25
26  ABSTRACT:
27 Here, we report the engineering of a solid-state micro pH sensor based on polyaniline-
28  functionalized, electrochemically reduced graphene oxide (ERGO-PA). Electrochemically reduced
29 graphene oxide acts as the conducting layer and polyaniline acts as a pH-sensitive layer. The pH-
30 dependent conductivity of polyaniline occurs by doping of holes during protonation and by the
31 dedoping of holes during deprotonation. We found that an ERGO-PA solid-state electrode was
32  not functional as such in fermentation processes. The electrochemically active species that the
33  bacteria produce during the fermentation process interfere with the electrode response. We
34  successfully applied Nafion as a proton-conducting layer over ERGO-PA. The Nafion-coated
35 electrodes (ERGO-PA-NA) show a good sensitivity of 1.71 Q/pH (pH 4 - 9) for chemiresistive
36  sensor measurements. We tested the ERGO-PA-NA electrode in real-time in the fermentation of
37  Lactococcus lactis. During the growth of L. lactis, the pH of the medium changed from pH 7.2 to
38 pH 4.8 and the resistance of the ERGO-PA-NA solid-state electrode changed from 294.5 Q to
39 288.6 QO (5.9 Q per 2.4 pH unit). The pH response of the ERGO-PA-NA electrode compared with
40 the response of a conventional glass-based pH electrode shows that reference-less solid-state
41  microsensor arrays operate successfully in a microbiological fermentation.
42
43  INTRODUCTION:
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pH plays a vital role in many chemical and biological processes. Even small changes in the pH
value alter the process and adversely affect the outcome of the process. Hence, it is necessary to
monitor and control the pH value during every stage of experiments. The glass-based pH
electrode has been successfully used to monitor pH in many chemical and biological processes,
although the use of a glass electrode poses several limitations to measuring pH. The glass-based
pH electrode is relatively large, fragile, and small leakages of the electrolyte into the sample are
possible. Furthermore, the electrode and electronics are relatively expensive for applications in
96-well screening fermentation systems. Moreover, the electrochemical sensors are invasive and
consume the sample. Hence, it is more advantageous to use non-invasive, reference-less sensors.

Nowadays, miniaturized reaction systems are favored in many chemical engineering and
biotechnology applications as these microsystems provide enhanced process control, along with
many other advantages over their macro system analogs. To monitor and control the parameters
in a miniaturized system is a challenging task as the sizes of the sensor to measure, for instance,
pH and Oz, need to be minimized as well. The successful production of microreactors for
biological systems require different kinds of analytical tools for process monitoring. Hence, the
development of smart microsensors plays a significant role in carrying out biological processes in
microreactors.

Recently, there have been several attempts to develop smart pH sensors using chemiresistive
sensing materials like carbon nanotubes and conducting polymers®. These chemiresistive sensors
require no reference electrode and are easy to integrate with electronic circuits. Successful
chemiresistive sensors make it possible to produce smart sensors that are cost-effective and easy
to manufacture, require a small volume for testing, and are non-invasive.

Here, we report a method to develop an electrode with polyaniline-functionalized,
electrochemically reduced graphene oxide. The chemiresistive electrode operates as a pH sensor
during an L. lactis fermentation. L. lactis is a lactic-acid-producing bacterium used in food
fermentation and food preservative processes. During fermentation, the production of lactic acid
lowers the pH, and the bacterium stops growing at a low pH?*.

A fermentation medium is a complex chemical environment that contains peptides, salts, and
redox molecules which tend to interfere with the sensor surface®®. This study shows that a pH
sensor based on chemiresistive material with a proper surface protection layer could be used to
measure pH in this kind of complex fermentation media. In this study, we successfully use Nafion
as the protection layer for polyaniline-coated, electrochemically reduced graphene oxide to
measure the pH in real-time during an L. lactis fermentation.

PROTOCOL:
1. Preparation of Graphite Oxide

Note: Graphite oxide (GO) is prepared according to Hummers’ method®®1%,
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1.1. Add 3 g of graphite into 69 mL of concentrated H,SOa4 and stir the solution until the graphite
has completely dispersed. Add 1.5 g of sodium nitrite and leave it for 1 h while stirring. Then,
place the container in an ice bath.

1.2. Add 9 g of potassium permanganate into the dispersion and remove the container from the
ice bath. Allow the solution to warm up to room temperature.

1.3. First, add 138 mL of distilled water dropwise. Then, continue to add 420 mL of distilled water.
Maintain the temperature at 90 °C for 15 min using a hotplate. Add 7.5 mL of 30% hydrogen
peroxide to the dispersion.

1.4. Collect the product by centrifugation at 10,000 x g for 20 min and discard the supernatant
solution. Wash the pellet 4x with warm double-distilled water and 2x with a 10% HCI (v/v)
solution. Finally, wash it 2x with ethanol and dry it at 50 °C in the oven.

2. GO-deposited Electrode Preparation
2.1. Disperse 10 mg of GO in 10 mL of water and then sonicate it in an ultrasonic bath for 6 h.

2.2. Remove the unexfoliated GO flakes by centrifugation for 30 min at 2,700 x g. Discard the
solid particles after centrifugation and use the supernatant for further experiments.

Note: We used this exfoliated GO flakes dispersion as the stock solution.

2.3. Dilute the GO stock solution two-fold. Always prepare a fresh GO working solution from the
stock solution.

2.4. Add 2 pL of the GO working solution on top of an exposed interdigitated gold electrode
(Figures 1A and 2). After drop casting, dry the electrode at room temperature for 12 h. This is the
GO-deposited electrode.

3. Reduction of GO to Electrochemically Reduced Graphene Oxide

3.1. Insert the electrode in the polydimethylsiloxane (PDMS) electrode holder (bottom piece).
Place the other part of the electrode holder, which serves as a solution reservoir, on top of the
electrode as shown as in Figures 1A - 1C. Assemble the holders by clipping the two parts together
using two paper clips. Make sure that the PDMS holder does not cover the GO-deposited
electrode part.

3.2. Pipet 300 pL of 0.2 M phosphate buffer (pH 7) in the reservoir. Then, place the reference and
the counter electrode in the solution in such a way that the electrodes are placed close to the
surface of the GO film, as shown in Figure 1C. This set-up serves as an electrochemical cell to
perform electrochemical reduction of GO and for polyaniline deposition.
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3.3. Connect the electrodes with the potentiostat connected to a computer for data acquisition.
Use cyclic voltammetry for the electrochemical reduction: select 0 to -1.2 V as a potential range
and 50 mV/s as the scan rate. Cycle the voltage over the electrode between 0 to -1.2 V 10x (Figure
3).

3.4. After the experiment, remove the electrode from the holder and repeatedly wash it with
double-distilled water. Then, dry the electrode in an oven at 101 °C for 12 h.

3.5. When the electrode is dry, remove the electrode from the oven and allow it to cool down to
room temperature. Then, measure the conductivity of the electrode with a multimeter. The
electrode is now referred to as an electrochemically reduced graphene oxide (ERGO) electrode.

4. Polyaniline Functionalization of the ERGO Electrode

4.1. Prepare 10 mM aniline monomer for the polyaniline functionalization. Dissolve 5 uL of 10
mM aniline in 5 mL of 1 M H,S0a.

4.2. For the polyaniline functionalization, add 300 uL of aniline monomer to the solution
reservoir. Place the ERGO-deposited electrode into the electrode holder as described in the
procedure for GO reduction.

4.3. Use cyclic voltammetry for the electropolymerization of aniline to functionalize ERGO into
ERGA-polyaniline (ERGO-PA): select 0 to 0.9 V as a potential range and 50 mV/s as the scan rate.
Cycle the voltage over the electrode between 0 to 0.9 V for 50x (Figure 4).

4.4. After the polyaniline deposition, remove the electrode and repeatedly wash it with double-
distilled water. Then, dry the electrode at 80 °C in the oven for 12 h.

4.5. Remove the electrode from the oven and allow it to cool down to room temperature before
measuring the conductivity of the electrode with a multimeter.

4.6. Prepare a pH 5 buffer solution by adding 0.2 M NaOH to the Britton-Robinson buffer solution
until pH 5 (see step 5.1). Keep the electrode in the buffer at pH 5 for 24 h.

4.6.1. To prepare a Britton-Robinson universal buffer solution, mix 0.04 mol of phosphoric acid,
0.04 mol of acetic acid, and 0.04 mol of boric acid in 0.8 L of ultrapure water. Add 0.2 M sodium
hydroxide dropwise to the buffer solution until the desired pH is reached*. Add ultrapure water
until the final volume is 1 L.

5. ERGO-PA Electrode Testing at Different pH (Pre-calibration Before Nafion Coating)

5.1. After conditioning the electrode in a pH 5 buffer solution, measure the resistance of the
electrode in solutions of a different pH (from pH 4 to pH 9; see Figure 5).
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5.1.1. For this measurement, dip the electrode directly into the buffer solution and connect the
other part of the electrode to the computer-controlled potentiostat for data acquisition. Change
the pH by titrating with 0.2 M NaOH.

5.1.2. Choose chronopotentiometry or amperometry i-t curve from the list of techniques and
apply a 100 mV potential difference to the electrode.

Note: The potentiostat measures the current against time. The software controlling the
potentiostat provides a graphical representation of the current against time.

5.1.3. Use Ohm’s law (resistance equals voltage divided by current) to calculate the resistance
value from the measured current and applied voltage.

5.2. After the measurements, dry the electrode at room temperature for 12 h.
6. Preparation of the Nafion-coated ERGO-PA Electrode

6.1. Add 5 pL of 5 wt% Nafion on top of the ERGO-PA electrode and dry the electrode at room
temperature for 12 h.

6.2. After the Nafion coating, keep the electrode in the buffer solution at pH 5 for 24 h before pH
measurements.

6.3. After conditioning in pH 5, remove the Nafion-coated ERGO-PA electrode (ERGO-PA-NA) and
measure the resistance of the electrode from pH 4 to pH 9 as mentioned in section 5.1 (Figure
6).

7. Preparation of L. lactis Culture Medium

7.1. Add 9.3 g of M17 powder into 250 mL of ultrapure water. Slowly agitate the solution until
the powder dissolves completely. Autoclave the solution at 121 °C for 15 min.

7.2. Take a 250-mL sterilized flask with a magnetic stirrer bar and add 50 mL of the sterilized M17
medium to the flask. Then, add 8 mL of autoclaved 1 M glucose solution. Inoculate the solution

with 10 uL of an L. lactis culture, previously grown in the same culture medium.

Note: The bacterial strain was obtained from Jan Kok, Molecular Genetics, University of
Groningen.

7.3. Place the flask with the inoculated culture medium for 18 h on a magnetic stirrer plate in an
incubation oven at 30 °C while stirring and monitor the pH.

8. Testing of the ERGO-PA-NA pH Response in an L. lactis Fermentation Experiment
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8.1. Place the ERGO-PA-NA electrode into the L. /actis culture and close it with a cotton plug.
Then, place the set-up into the thermostat at 30 °C to grow L. lactis.

8.2. Apply 100 mV to the electrode and measure the current against time.

8.3. Take 0.5-mL samples at different time points (see, for instance, Figure 7) to measure off-line
the optical density at 600 nm and the pH with a conventional glass electrode. Continue the
measurements until the optical density of the culture becomes constant, indicating that the
bacteria are not growing anymore.

REPRESENTATIVE RESULTS:

The appearance of a strong reduction peak around -1.0 V (Figure 3) illustrated the reduction of
GO to ERGO¥%422 The intensity of the peak depends on the number of GO layers on the
electrode. A thick black film completely covered the gold wires on the electrode. At that point,
the two insulated gold electrodes were conductive because the GO connected the two gold
electrode wires. Electropolymerization of aniline deposited a green film on the ERGO?2, This
green color is an indication of the formation of a conductive polyaniline layer on the ERGO. The
conductivity of the ERGO electrode (resistance decrease) increased after the polyaniline
functionalization.

When we put the ERGO-PA electrode in a solution with a pH between 4 and 9, the current value
increased (Figure 5) due to the doping and dedoping of holes during the
protonation/deprotonation process in ERGO-PA (Figure 2)?2. The desired pH value for the
measurement of the current value of the ERGO-PA electrode was obtained by titrating the
Britton-Robinson buffer solution with 0.2 M NaOH. Hence, for every addition of 0.2 M NaOH, the
current value of the electrode increased (Figures 5 and 6). The response of the electrode was
immediately stable when the addition of 0.2 M NaOH stopped at a particular pH.

A thin film of proton-conductive Nafion formed after the solvent evaporated at room
temperature. The conductivity of the electrode was not affected much, but a few ohms of
difference in the resistance value occurred and changed the base current value of the ERGO-PA
electrode. Similar to the ERGO-PA electrode, the resistance of the ERGO-PA-NA electrode
changed when the pH of the buffer solution changed from 4 to 9, as shown in Figure 6.

After placing the ERGO-PA-NA electrode inside the L. lactis culture, the current initially decreased
and then took some time to reach a stable value. Once the growth of L. lactis started, the current
of the ERGO-PA-NA decreased gradually. The decrease in current accelerated during the
exponential growth-phase of L. lactis and reached a stable value at the end of the growth (Figure
7)'8. The final value of the current (or resistance) is comparable to the current value of the ERGO-
PA-NA electrode tested in buffer solution (pH 4 - 7), as shown in the inset of Figure 7.

FIGURE LEGENDS:
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Figure 1: Images of the bottom (left) and the top (right) part of the PDMS electrode holder. (A)
The assembled cell with (B) reference and (C) counter electrode. (D) The interdigitated gold
electrode with the scale bar in centimeters.

Figure 2: Schematic of ERGO-PA-deposited interdigitated gold electrode with a graphical
representation of ERGO and PA formation. The image also shows hole doping on ERGO-PA
during protonation.

Figure 3: Cyclic voltammetry of GO reduction with different GO concentrations at a scan rate
of 50 mV/s.

Figure 4: Cyclic voltammetry of polyaniline deposition at a scan rate of 50 mV/s. The first 10
scans from a total of 50 are shown. The vertical arrow marks the trend of the current increase
during the scans, and the horizontal arrows mark the direction of the voltage scan.

Figure 5: Resistance value of the ERGO-PA electrode against pH 4 to 9.
Figure 6: Resistance value of the ERGO-PA-NA electrode against pH 4 to 9.

Figure 7: Real-time continuous pH change of ERGO-PA-NA during L. lactis fermentation. The
inset shows the expected resistance value of ERGO-PA-NA for pH 4 - 7 measured in Britton-
Robinson buffer solution.

DISCUSSION:

It is essential that the GO layers completely cover the gold electrode wires after the deposition
of GO. If the gold electrodes are not covered with GO, polyaniline will not only deposit on ERGO
but also on the visible gold electrode wires directly. Deposition of polyaniline on the gold
electrode wires may have implications on the performance of the electrode. After the reduction
of GO to ERGO, the electrode is dried at 100 °C to strengthen the bonding between the ERGO
layer and the gold electrode wires. The resistance of each electrode varies based on the number
of GO layers that are deposited on the gold electrodes. Therefore, it is important to have the
same concentration of GO for each electrode, and it is difficult to manufacture the electrode with
a resistance in a predetermined specified range that is compatible with the measuring circuit.
This limits the easy mass production of the electrodes.

The preparation of reduced graphene oxide/polyaniline by an electrochemical method has some
advantages over other reported preparation methods. The electrochemical method presented
here does not require strong reducing and oxidizing agents (e.g., hydrazine and ammonium
persulfate)?®2¢, In addition, the material is directly deposited on the electrode and no further
processing is required, making the fabrication process faster and easier. As GO is
electrochemically reduced in situ, a good connection between the gold and the graphene is
achieved, making the pH electrode more robust.
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Equilibrating the ERGO-PA electrode in a buffer with a pH between 3 and 9 before applying the
Nafion improved the sensitivity of the electrode (data not shown). Omitting this step requires a
soaking of the ERGO-PA-NA electrode in a buffer pH 5 for more than 24 h before use.

Furthermore, the ERGO-PA electrode must be dry before applying Nafion. A wet ERGO-PA
electrode resulted in an aqueous layer between the ERGO-PA and Nafion and increased the
response time of the pH sensor. The resistance or measured current of ERGO-PA-NA in solutions
with a different pH varied between electrodes. This variation in resistance or current for each
electrode is, most likely, caused by the difference in the number of GO layers deposited on the
gold electrode wires. Just like with other pH electrodes, proper calibration of the ERGO-PA-NA
electrode is necessary to obtain reliable pH values.

After placing the electrode inside the L. lactis culture, an initial stabilization time is necessary to
obtain a constant current. In the L. lactis fermentation, the initial pH is 7.2. During the growth of
L. lactis, glucose is converted into biomass and into lactic acid that acidifies the fermentation
liquid. The growth stops when the pH of the fermentation medium becomes too low to support
proper growth or when there is no glucose left. The current (or resistance) value of ERGO-PA-NA
before and after growth are equal to the current (or resistance) value of ERGO-PA-NA previously
calibrated in different buffer solutions. The initial pH and end pH of the L. lactis fermentation
medium was confirmed using a conventional glass pH electrode.

The pH sensor can be easily manufactured in-house using cheap chemicals. The low
manufacturing costs allow researchers to use this electrode in applications were a large number
of pH electrodes are necessary (e.g., in a bacterial fermentation screening platform). Another
application of the pH electrode is envisioned in situations where the diffusion of KCl from a
conventional glass pH electrode into the measuring solution is not wanted. The pH electrode of
this protocol has no internal liquids that can diffuse into the sample.

Compatibility of the chemiresistive sensor with currently available wireless electronic circuits?’
makes it possible to easily develop applications using wireless pH sensors.
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Iltem 1 (check one box): The Author elects to have the Materials be made available (as described at

http://www.jove.com/author) via:

Item 2 (check one box):
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A

Standard Access

Open Access

. The Author is NOT a United States government employee.

.| The Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

The Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non  Commercial-No Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE”
means Mylove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties”
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.
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2. Background. The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article. In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article. In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats. If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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4. Retention of Rights in Article. Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

'10. JoVE Discretion. If the Author requests the assistance of

JOVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s
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expense. All indemnifications provided herein shall include
JoVE’s attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.
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Rebuttal Letter

Click here to download Rebuttal Letter Response to Editor.doc

. Please renumber references in order that they appear in the manuscript (e.qg.,

currently reference 21 is cited before 11). Also, please don't include brackets
around citations.

We have renumbered the references and excluded brackets from all the
citations and used superscript formatting.

. 3.3/6.1: Please explain a bit more about how cyclic voltammetry and

chronopotentiometry will be done-e.g., are you using a computer controller?

Cyclic voltammetry and chronopotentiometry / Amperometry i-t curve
measurement done by potentiostat connected with computer for data
acquisition. We explained this in the manuscript.

. 8.2: Please include a reference for L. Lactis preculture.

The bacterium Lactococcus lactis was obtained from colleagues within our
university. Prof dr Jan Kok, Molecular Genetics, University of Groningen. We
added this reference in the manuscript

. 9.3: This is unclear-is the hourly sample for OD600 and the half-hourly one for

pH measurement?

We rephrased 9.3 in such a way that it became less confusing.

. Figure 1: Is the scale cm/mm?

The scale is in “CM”. The scale “CM” is mentioned in the figure caption.

. Figure 3: ‘0.3’, not ‘0,3.

The inside number from the Figure 3 is corrected as 0.3.

. Figure 4: What is the trend with increasing scan number? Which scans are

shown in this?
In figure 4 the first 10 scans are shown. The trend is indicated with an arrow.

. Figure 5/6: Please include equations of the fits along with R-squared (or other

measurement of goodness-of-fit).

We included fitting details in Figure 5 and Figure 6.

. Figure 7: The inset is blurry (even in the original image file). Also, how exactly

was the inset generated, and is the x-axis really hours? Please use ‘h’ if so.

We exported all figures in a PDF vector format. Thank you for the correction.
The unit of the x-axis is in seconds.
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10. Discussion: Please include more on limitations of the procedure, the
significance with respect to other methods (with citations), and future
applications here.

We included advantages and limitations of our electrode preparation over the
reported methods in the discussion. We also added future applications of our
reported pH electrode.



