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Editor 
E.1) Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or grammar issues. Please define all abbreviations at first use.

Done

E.2) Please provide an email address for each author.

Done

E.3) JoVE cannot publish manuscripts containing commercial language. This includes trademark symbols (™), registered symbols (®), and company names before an instrument or reagent. Please remove all commercial language from your manuscript (text, figure legends, figures, tables) and use generic terms instead. All commercial products should be sufficiently referenced in the Table of Materials and Reagents.

All commercial language has been removed and replaced with generic terms and we have provided details of the tools we used in the Table of Materials.

E.4) Being a video based journal, JoVE authors must be very specific when it comes to the humane treatment of animals. Regarding animal treatment in the protocol, please add the following information to the text.

We have addressed this issue and have comprehensively described surgical procedures for mouse and ferret, covering comment 4a-g.

E.5) Please note that your protocol will be used to generate the script for the video and must contain everything that you would like shown in the video. Please ensure you answer the “how” question, i.e., how is the step performed? Alternatively, add references to published material specifying how to perform the protocol action. There should be enough detail in each step to supplement the actions seen in the video so that viewers can easily replicate the protocol.

Done

E.6) As we are a methods journal, please add to the discussion any limitations/conditions under which your protocol may not be that useful.

The authors have added the following text to the discussion to describe the limitations of the protocol described: “The greatest limitation to the CFEAs detailed in this protocol is their scalability. Due to the manual nature of their construction, scaling up to designs with hundreds of recording sites may not be practical. Additionally, advances in microelectrode array fabrication using nanotechnology will enable larger-scale population recordings than the methods described here.”

E.7) Please remove Omnetics YYWW from Fig 3 and 4.

Omnetics YYWW has been removed from Figures 3 and 4.

E.8) Please include a scale bar for all images taken with a microscope to provide context to the magnification used. Define the scale in the appropriate Figure Legend.

Scale bars are included in all images taken with a microscope and we have defined the scale in the Figure Legend.
Reviewer 1
R1.1) The protocol is about the construction and implementation of "carbon fiber microelectrode arrays". I strongly suggest authors use this terminology throughout the manuscript including the title.

We thank you for your suggestion, and have made efforts to standardize our terminology to “carbon fiber electrode array” with the abbreviation (CFEA) throughout the manuscript. This is the term used by Guitchounts et al. 2013.

R1.2) Please, add in the introduction section a brief statement regarding the (bio)sensing properties and capabilities of carbon fiber microelectrodes.

We thank you for bringing this up and have added a statement near the end of the introduction discussing the biosensing properties and capabilities of carbon fibers. We added, “Efforts to develop carbon fiber electrode arrays have recently accelerated due to the biosensing capabilities of carbon fibers. In addition to their increased biocompatibility and exceptional electrical conductivity, they feature a unique set of properties, including high temperature resistance, low relative density, high tensile strength, low bending stiffness, high detection sensitivity and a small cross-sectional area10,12”.

R1.3) Line 52- quote "lack of physical flexibility". Chung et al., 2019 (Ref 8) introduce polymer arrays capable of resolving single neurons! Please, clarify. 

The authors realize that arrays were incorrectly grouped with other electrodes characterized as inflexible and introduced and discussed the benefits/challenges of the novel silicon-based and polymer-based arrays in the Introduction. Polymer arrays are an important emerging technology and we did not adequately discuss its advantages in our previous version. We added citations to the Frank, Xie, and Meng groups in addition to the Guo and Park papers suggested.  “Advances in polymer arrays have resulted in increased flexibility and recording stability of single units, and offer the potential for high density recordings in the near future but with limited availability at present 8,16,17. Carbon fibers allow for high-density recordings with off-the-shelf materials that we describe here.” 

R1.4) Line 86 quote "removing urethane coating from commercial fibers". Did the authors mean polyurethane? According to the specifications of the Goodfellow company the carbon fibers used are epoxy-sized (1.6%). Additionally, the filament diameter is 0.007 mm with a tolerance of 25%. Why did the authors report that they used carbon fibers with diameters 4-7 µm (line 89)?

The reviewer is correct with regards to fiber diameter, and we have appropriately changed our stated fiber diameter (7 microns), both in line 191 (in tracked changes version), and in our attached Table of Materials. We have also corrected our previous statement and have clarified that it is the epoxy that is removed and that other groups have used 4 µm fibers. (Now line 191 in tracked changes version.)

R1.5) With the information provided by the authors It is hard to reproduce the parylene C coating of individual fibers (line 101). Is the vacuum-deposition chamber homemade or commercial?

Carbon fibers were coated with parylene C using a commercially sourced vacuum-deposition chamber (Specialty Coating Systems, PDS 2010 Labcoter). This vendor information has been added to the attached Table of Materials. In addition, we have clarified the commercial nature of our chamber in step 1.1.4 of our protocol. 

R1.6) Line 256 -quote "Inject positive current to clear parylene Cfrom electrode tips". What is the mechanism underlying this process?

This is a good question that we do not have a clear answer for as we have no proof that the positive current clears parylene from the electrode tips. We have changed it to reflect that the user should inject positive current to lower the impedance of the carbon fiber tips, which we have demonstrated in Figure 4C.

R1.7) Lines 270-281- I would suggest authors indicate the chemical composition of the gold plate solution.

We have added the chemical composition to the Table of Materials.

R1.8) Lines 283-285- What is the reason for using the PEG8000?

PEG8000 is used optionally as a stiffening agent to aid in electrode implantation and we have noted in the text that it will “provide stiffness to the fiber bundle.” (see reference 28: Ferguson, J. E., Boldt, C. & Redish, A. D. Creating low-impedance tetrodes by electroplating with additives. Sensors and actuators. A, Physical 156, 388–393 (2009).)

R1.9) Line 462- quote "the construction process can be completed in less than two hours". Perhaps this time can be achieved by an experienced electrode builder! However, it seems to me to be a very optimistic statement!

The authors agree that this is an approximate time for an experienced builder and have corrected our initial statement and denoted an approximate building time for the novice builder in the protocol.

R1.10) Line 493- use >15 MΩ

The authors agree that the indication of “>15 MΩ” increases clarity in the manuscript. Done (now line 792 in tracked changes version). 

R1. 11) Please, check throughout the manuscript the impedance units (MΩ).

Thank you for your attention to units throughout the manuscript. We have corrected and ensured the accuracy of our impedance units throughout the text. 

Reviewer 2
R2.1) The tip preparation shown in figure 5 brings up a number of questions. Is this the same bundle, or a different bundle at various points in the process. If [it] is the same bundle, it is unclear why the length of the fibers is changing throughout the process. In some images (panel C and Panel F), the fibers appear to be the same length, while in other images they are staggered. If these are different bundles, then that is less convincing.

We do not have a SEM on site, so electrodes were prepared by different methods and were taken off-site to a core facility for imaging. To clarify, we added to the Figure 5 caption: “The carbon fiber tips pictured are all from different microelectrode arrays, reflecting different durations of injected current for impedance reduction or gold-plating.”

R2.2) The gold appears to be deposited on the side of the fiber. Was EDS or a similar elemental analysis done to determine if this happened? If there was electrodeposition up the fiber, then this will confound neural circuit analysis, since the actual location of the recording electrode site is unknown. Full spectrum EIS just prior to and immediately after plating will help determine this.

We did not perform EDS or full spectrum EIS. The pictures show the parylene C coating the fibers, and the small exposed end of the fiber where the parylene C has been cut. The material at the tip increases with the amount of current (as seen in the photographs with successively increasing lengths of current), and this is the primary evidence we have that it is the gold. On some of the fiber bundles, there is evidence of some material on the parylene C coating far from the exposed fiber tips. We do not know what this material is, but it cannot contact the electrode due to the parylene C coating. We added to the Figure 5 caption: “Images additionally depict the parylene C coating, which insulates the carbon fibers and prevents any acquisition of signal from a location other than the tips of the fibers.”

R2.3) The steps with UV should remind the user to wear UV proof eye protection. While 20 seconds of exposure is a short time, repeated exposure may be hazardous to eye health.

Thank you; we added “NOTE: User should wear UV filtering eye protection during all UV related procedures to prevent potential eye damage. Many UV curing wands have built-in viewing filters.”

R2.4) The neural data should include statistics on the channels. From what is presented, we can state that 1 of 16 channels was able to record 1 unit for 12 weeks, and LFP and spike data for 11 months. More metrics here will help. What was the mean time to loss of neural data in the other 15 channels? Was in vivo impedance measured?

With regards to our 120 day chronic recordings, the total number of units detected shows no obvious change over the recording duration. While we chose to include an in-depth analysis of a single channel in Figure 6 to represent a CFMA’s ability to follow the same neuron over time, we recognize that this analysis is incomplete. We observed no signal loss over a 4-month recording period and have added a sentence clarifying that our figure provides an example of a single channel over a 120-day period, and that this example is typical of our observations on that time scale.
In order to clarify these outcomes, we have made the following change to our text: “We observed no loss of stability or decreased robustness in spike amplitude over the duration of our 120 day chronic experiments, as indicated by a representative single channel typical of our observations on that time scale”. In addition, for reference, we have included here neuron yield statistics for the 16-channel microelectrode array implanted for the example traces in Figure 6. 
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Additionally, we are unable to provide mean time to loss of neural data, as continuous recordings were not performed after the 120 day period due to data constraints. Rather, data check-ins were performed. In the example recording depicted in Figure 6, 4 single units were discernible after 11 months and LFP is present on most channels. However, we intend to express the capacity for these recordings to persist for 11 months, rather than this being an expected outcome. In order to clarify, we have altered the following lines in our discussion and figure 6 legend: 

“CFMEs show the capacity for persistent single-unit activity, as 4 single units remained discernible 11 months after implantation in mouse.”  

Figure 6H: Mean spike waveform of the neuron recorded on the fiber from G, underlaid by the first 1000 incidences of spiking activity. This neuron is 1 of 4 that persisted for 11 months of chronic recording. 

R2.5) Line 16, name the two species

Done (now line 25-26 in the tracked version)

R2.6) Line 26, consider alternative text here "evoke a foreign body reaction, including gliosis and apoptosis, that is attributed to the relatively large size of the array."

We agree that this wording is a bit jumbled and have changed the wording to “electrical probes that record at higher densities have a large footprint and are highly invasive, and chronically implanted arrays often generate an inflammation response, tissue encapsulation, and neuronal death10-13.”

R2.7) Step 1.2.1 Not clear how a single piece of parafilm can hold a fiber. Is a single needle used, and it has a mild adhesive effect?

A single 30 G needle tip is wrapped with parafilm (see step 1.2.1), stretching the film and creating a mild adhesive effect. This effect allows us to pick up and maneuver individual fibers, as they are incredibly small and lightweight, while also preventing the fiber breakage that stronger adhesives often cause. With the carbon fiber manipulation tool, fabricators can both pick up, move, and release both raw and coated carbon fibers without shearing them. We have clarified this also in the text, specifying that “wrapping a needle tip with parafilm, and stretching the parafilm in doing so, creates a mild adhesive effect that allows the user to pick up and maneuver individual fibers.” 

R2.8) Step 2.1 Define "jig"

We acknowledge that we had not provided a definition of what we were referring to and this could be ambiguous to the reader. It is now defined in a note in the protocol as “the 3D printed block that provides an anchor for electrodes and electrical connections.”

R2.9) Step 3.3.11 While I appreciate the desire to keep this low cost, I suggest a lab grade flame source here.

In addition to being a low cost alternative to lab grade flame sources, a standard sparkwheel lighter provides both mobility and a relatively low flame temperature. The ability to initiate and move the flame easily by hand is essential in flaming the carbon fiber tips quickly and evenly. In addition, high flame temperatures, such as those produced with industrial or jewelry torches, burn past the parylene coating and destroy the fiber tip. Therefore, if a laboratory grade flame source were to be used, the authors would suggest a low flame temperature, mobile heat source that can be rapidly switched off and on. We actually prefer the sparkwheel lighter here, it’s not a cost savings situation.

R2.10) Step 3.3.12 How does the maker continue to feed the fiber, if the Note instructs them to not touch the flamed fiber?

As the carbon fiber sits in the jig fully threaded, the maker can access exposed fiber at the funnel tip, funnel basin, and at the connector end. The fiber protruding from the connector end, where the parylene coating has been burned off, is incredibly delicate, and the maker should avoid touching it with the carbon fiber tool. Instead, we suggest manipulating the section of the fiber accessible within the funnel basin, gently guiding the fiber towards the funnel tip until no fiber remains exposed at the connector end. In order to clarify this suggestion, we have made the following alteration to step 3.3.12: “Use the carbon fiber tool to grasp the fiber from within the basin and feed the flamed fiber through the jig.”

R2.11) Step 3.3.18 The part number provided may determine this, but state if a blunt or sharp time 25G needle is used.

The needle utilized in this step is a sharp-tipped 25 G needle. While this information is reflected in the Table of Materials, we have also clarified this in step 3.3.18. 

Reviewer 3
R3.1) In the introduction section, they addressed challenges in polymer-based electrode for resolving single-unit recordings in electrophysiology. They might consider including works regarding the development of carbon-based polymer composite that have been used for chronic electrophysiology with stable performance and single-unit resolution [1-2].

Thank you. Please see our response to R1.3, which raised the same issue. 

R3.2) In the protocol section, Line 86, the authors could provide the method of how to remove the urethane coating from commercial fibers, considering it is so fragile and easy to break.

This step was initially cut from the protocol due to protocol length constraints but we have refined the document so that we can now add instructions for baking. Also, at this step in the process the fibers are not as fragile because they are still bundled together and thus they are easier to handle. We have added step 1.1.1. to the protocol: “Cut 8 cm strips from the epoxy-sized fiber bundle. Lay the strips parallel in a crucible and bake in a kiln at 400 °C for 6 h to remove the epoxy from commercial fibers. Baked fibers can then be stored in a standard petri dish or conical tube.” We have also corrected our previous statement and have clarified that it is epoxy sizing that is removed.

R3.3) In the protocol section, Line 119, "3. Assembling the carbon fiber microelectrode", the authors should declare the working environment, i.e., if all the process are performed carefully under the microscope.

The authors agree that a statement regarding the working environment is an important addition to our protocol. We have added the following declaration at the beginning of section 3: “NOTE: All procedures were performed carefully under a 10x stereo microscope.” 

R3.4) In the Figure 1, the funnel tip of the 3D design of the 32 or 16 channel carbon fiber microelectrode has 4 openings, could authors provide the reasons? I understand that the carbon fibers will eventually bundle together from this end, it is unclear why they are groups into different channels here.

The authors thank you for highlighting this point and have now added the following to the text: “When the fibers are in close contact within the funnel, there is an unfavorable friction between fibers that leads to existing fibers either pulled loose or broken while feeding new fibers into the jig. This division provides some relief, as the fibers are kept in smaller bundles until a later step.”

R3.5) Could authors clarify the recording nature of electrophysiology data presented in Figure 6. Are they obtained in the freely moving mice?

The electrophysiology data presented in Figure 6 was collected for freely behaving mice. We have added this indication both in our representative results, and in the Figure 6 legend. 

R3.6) It will be more convincing to have histology data presented in addition to the chronic recording in Figure 6 and Figure 7. However, considering it is mainly a methodological manuscript, it might not be necessary.

We did not process histological material for these animals. We could do so but it would substantially delay the paper.
Reviewer 4
R4.1) Please add the vendor information of the carbon fiber microelectrodes.

Although this was initially listed as “7 μm carbon fibers” we realize that this information could be clearer if we referred to them as “Carbon fibers” and added the diameter in the Comments/Description column of the Table of Materials. For reference, these fibers are sourced from Good Fellow USA (Coraopolis PA), part number C 005725 618-131-88. 

R4.2) It would also help to add the (estimated) total time for each major procedure, such as "1. preparation of the carbon fibers and tools", and "3. Assembling the carbon fiber microelectrodes".

We have added approximate times for completing the procedure in step 1.1.3 under the heading “Preparation of carbon fibers and tools”, step 3: “Assembling the carbon fiber microelectrode array (CFEA)” and step 5: “Electrode tip preparation” and have clarified approximate times for the experienced vs. novice builder in step 1.1.3 and step 3.

R4.3) It may also [help] to comment on how easily the electrode connections are failed (such as the success rate out of all the channels), or how likely the fibers get broken during insertion.

We have added a report of statistics from 16-channel electrodes built over two years in the discussion. “Our average number of connected channels (impedance < 4 MΩ after current injection) per 16-channel electrode was 12.96 ± 2.74 (mean ± SD; N = 48 electrodes).”
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