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SUMMARY:  26 
This protocol describes the use of silicon nanowires for intracellular optical bio-modulation of cell 27 
in a simple and easy to perform method. The technique is highly adaptable to diverse cell types 28 
and can be used for in vitro as well as in vivo applications.  29 
 30 
ABSTRACT:  31 
Myofibroblasts can spontaneously internalize silicon nanowires (SiNWs), making them an 32 
attractive target for bioelectronic applications. These cell-silicon hybrids offer leadless optical 33 
modulation capabilities with minimal perturbation to normal cell behavior. The optical 34 
capabilities are obtained by the photothermal and photoelectric properties of SiNWs. These 35 
hybrids can be harvested using standard tissue culture techniques and then applied to different 36 
biological scenarios. We demonstrate here how these hybrids can be used to study the electrical 37 
coupling of cardiac cells and compare how myofibroblasts couple to one another or to 38 
cardiomyocytes. This process can be accomplished without special equipment beyond a 39 
fluorescent microscope with coupled laser line. Also shown is the use of a custom-built MATLAB 40 
routine that allows the quantification of calcium propagation within and between the different 41 
cells in the culture. Myofibroblasts are shown to have a slower electrical response than that of 42 
cardiomyocytes. Moreover, the myofibroblast intercellular propagation shows slightly slower, 43 
though comparable velocities to their intracellular velocities, suggesting passive propagation 44 
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through gap junctions or nanotubes. This technique is highly adaptable and can be easily applied 45 
to other cellular arenas, for in vitro as well as in vivo or ex vivo investigations.  46 
 47 
INTRODUCTION:  48 
All biological organisms use electricity, in the form of ions, to regulate the cellular behavior. Cell 49 
membranes contain various types of specific ion channels allowing the passive and active 50 
transport of ions. These ions govern the functions of excitable cells, such as neuronal activity and 51 
skeletal and cardiac muscle contractility. However, bioelectricity also plays an important role in 52 
non-excitable cells, governing many cellular functions such as cell proliferation1, neuroimmunity2-53 
4, and stem cell differentiation5.  54 
 55 
In recent decades, the field of bioelectricity has drawn an increasing level of interest, which has 56 
contributed to the development of numerous technologies for bioelectronic interfaces. 57 
Microelectrode patch pipettes are the gold standard of intracellular recording and stimulation6. 58 
In this methodology, a glass pipette is pulled under specific conditions to form a sharp edge with 59 
a pore size of few microns. This pipette is filled with a buffer and the pipette allows direct contact 60 
of the buffer with the intracellular volume. This results in a bioelectric interface that yields 61 
extremely high signal to noise ratios, precise control over cellular electrical activity, and 62 
extremely high temporal resolution. Although this methodology is an extremely powerful tool, 63 
which was recently downscaled to a nano-pipette configuration7, it is associated with several 64 
important technical limitations. The cytosol dilution effect8, as well as mechanical vibrations, 65 
limits its utility to short term interrogations, and it requires expensive specialized equipment and 66 
a high level of technical skill. Moreover, its bulkiness limits the number of cells that can be 67 
recorded or stimulated simultaneously, and due to its invasiveness, it cannot be reconfigured 68 
throughout an experiment. To overcome these limitations, microelectrode arrays were 69 
developed, but the size of the electrodes limits the spatial resolution as well as intracellular 70 
access. Nanoelectrode arrays allow intracellular recording and stimulation but require abrasive 71 
electroporation to access the cytosol9,10. In addition, all these methodologies are substrate bound 72 
and are thus limited to in vitro cell cultures, or to external superficial cells, with no access to cells 73 
that are inside a 3-dimensional (3D) tissue.  74 
 75 
Optogenetics11 is widely used to address these 3D and in vivo limitations. However, optogenetic 76 
methods are based on the perturbations of light-activated plasma membrane ion channels that 77 
are distributed at the plasma membrane, limiting the 3D spatial resolution12 and intracellular 78 
capabilities.  79 
 80 
We have recently shown that silicon nanowires (SiNWs) can be used to perform intracellular 81 
bioelectric interrogation with submicron spatial resolution with different non-excitable cells, 82 
namely cardiac myofibroblasts and oligodendrocytes13. Moreover, we used these SiNWs to 83 
perform ex-vivo cell specific interrogation within a 3D cardiac tissue, to investigate how cardiac 84 
cells electrically couple in vivo14. A major advantage of this methodology is its simplicity; it does 85 
not require any genetic modification or bulky instrumentation. Many cells will spontaneously 86 
internalize photo-responsive SiNWs with no need for sonication or electroporation15. In addition, 87 
they will spontaneously escape the endosomal encapsulation and form a seamless integration 88 
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with the cytosol and intracellular organelles13,15. These cell-SiNWs composites, termed cell-silicon 89 
hybrids, possess the dynamic, soft and versatile nature of the original cell, as well as the 90 
optoelectric capabilities of the SiNWs. After hybridization, the cell-SiNW hybrid can be harvested 91 
using standard tissue culture techniques and used for various applications such as intracellular 92 
bioelectric stimulation; studying intercellular bioelectric coupling in vitro; and for in vivo cell 93 
specific interrogation. As an effective stimulation requires co-localization of high optical power 94 
densities and SiNWs, one can achieve high spatial resolution both in 2D and 3D. In this protocol 95 
we describe in detail the methodology, as well as how the results can be analyzed. The focus is 96 
placed on the intra- and intercellular investigation in vitro, but the in vivo implementation of this 97 
methodology can be directly utilized for many other biological scenarios. 98 
 99 
PROTOCOL:  100 
To ensure compliance with ethical standards, all animal procedures related to isolating 101 
cardiomyocytes from rodent hearts were first approved by the University of Chicago Institutional 102 
Animal Care and Use Committee (IACUC). Additionally, all animal experiments were conducted 103 
in complete accordance with guidance from the University of Chicago IACUC.  104 
 105 
1. Preparation of cell-SiNWs hybrids 106 
 107 
1.1. Isolate primary cardiomyocytes (CMs) using a commercial kit following manufacturer’s 108 
guidelines.  109 
 110 
1.2. Prepare complete DMEM for primary cell isolation supplemented with 10% heat-111 
inactivated fetal bovine serum, 1% penicillin-streptomycin, and 1% L-glutamine.  112 
 113 
1.3. To isolate myofibroblast (MFs) from the MFs-CMs suspension, pre-plate the isolated cells 114 
on a tissue culture dish (cells isolated from 2 hearts in 1.1. per 100 mm dish) for 1 h. As CMs need 115 
a fibronectin treated surface to adhere, only MFs will attach to tissue culture surface.  116 
 117 
1.4. Aspirate the enriched CMs cell suspension. These CMs can be used for hetero-cellular 118 
coupling experiments as described in section 3. Rinse the MFs with DMEM to eliminate any 119 
remaining CMs from the MFs dish.  120 
 121 
1.5. Add fresh culture medium to MFs and allow them to proliferate until they are ~80% 122 
confluent (2-4 days). Change the medium every other day.  123 
 124 
1.6. When the cells are ready (80% confluent), prepare SiNWs for the hybridization step below 125 
(step 1.7).  126 
 127 
NOTE: Many types of SiNWs can be used for this. In this experiment, SiNWs that were grown by 128 
chemical vapor deposition (CVD) with a core-shell p-i-n junction configuration were used as 129 
described previously16. During the CVD growth, the SiNWs are grown on a silicon wafer substrate, 130 
and are eventually kept as silicon chips covered with SiNWs.  131 
 132 
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1.7. Cut a 3 mm x 3 mm chip from a wafer with CVD grown SiNWs using a diamond scribe. Use 133 
sharp forceps to handle the wafer and minimize the surface area that is touched with the forceps, 134 
as this may break the SiNWs.  135 
 136 
1.8. Sterilize the chip by rinsing it with 70% ethanol and allowing the ethanol to dry for 30 min 137 
under UV light in a biosafety laminar flow hood.  138 
 139 
1.9. Transfer the chip into a sterile microcentrifuge tube and rinse excess ethanol using 140 
complete culture media. 141 
 142 
1.10. Add 1 mL of culture media and sonicate the chip in sonication bath for 1-10 min. The 143 
media should turn cloudy as SiNWs are released into the media.  144 
 145 
NOTE: Sonication time and power should be optimized for different sonicators, and different cells 146 
as shorter durations and lower powers will yield longer SiNWs.  147 
 148 
1.11. Add the SiNWs suspension into 5 mL of culture media and seed it onto the 100 mm tissue 149 
culture dish with MFs. Allow the SiNWs to internalize for 4 h and rinse the excess SiNWs off 5x 150 
with media. Allow partially internalized SiNWs to complete the internalization by allowing them 151 
to sit for another 1 h before use.  152 
 153 
NOTE: Different cell types may need different SiNWs concentration and/or internalization times. 154 
 155 
1.12. Prepare collagen coating solution by diluting collagen stock solution (3 mg/mL) with 156 
sterile 20 mM acetic acid at a ratio of 1:50. Add 0.5 mL coating solution to a 35 mm glass bottom 157 
dish and allow it to sit for 1 h in 37 °C. Remove the solution and rinse dish with sterile PBS.  158 
 159 
1.13. Harvest the cell-SiNWs hybrids by treating the cells with 3 mL of trypsin for 2 min at 37 160 
˚C. Add 10 mL of culture media and rinse the hybrids vigorously by pipetting. Centrifuge the cells 161 
gently at 200 x g for 5 min to avoid damaging the cells with the internalized SiNWs. Remove 162 
excess media, suspend cells with 1 mL media and seed them onto the collagen treated glass 163 
bottom dish.  164 
 165 
NOTE: The hybrids can be seeded alone, to investigate intracellular or intercellular coupling or 166 
with CMs to investigate hetero-cellular coupling in vitro.  167 
 168 
1.14. Perform a final verification of SiNW internalization by labeling cells’ cytosol (calcein-AM, 169 
4 µM) and membrane (membrane marker, 2 µM) for 30 min at 37 ˚C, and imaging the cell using 170 
confocal microscopy. As SiNWs are highly reflective, reflected light can be used instead of 171 
fluorescence to visualize them.  172 
 173 
2. Preparation of cells for intra- and intercellular investigations 174 
 175 
2.1. Prepare collagen coating solution as in 1.12  176 
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 177 
2.2. For intracellular electrical stimulation, culture hybrids with low seeding densities. Use a 178 
standard hemocytometer to count cells from section 1.11. and seed 50,000 cells on a 35 mm 179 
glass bottom dish in culture media. For intercellular investigations, use higher cell densities 180 
(500,000 cells per dish). For intercellular coupling between CMs and MFs, co-culture the hybrids 181 
with freshly isolated CMs.   182 
 183 
2.3. Allow cells to attach overnight before performing optical stimulation experiments. For 184 
intercellular investigations, allow 48 h at 37 ˚C.  for the cells to express intercellular gap junctions 185 
before the experiment is conducted.  186 
 187 
2.4. Prepare calcium sensitive dye stock solution (may be kept in -20 ˚C) by adding 50 µL of 188 
DMSO to 50 µg Fluo-4 AM. Prepare staining solution by diluting 1 µL of dye in 1 mL of DMEM.  189 
 190 
2.5. Aspirate the culture medium from cells and add 1 mL of staining solution. Allow dye to 191 
internalize into cells for 20-30 min at 37 ˚C. Aspirate the dye and rinse twice with sterile PBS.  192 
 193 
2.6. Finally, add 1 mL of pre-warmed phenol-red free DMEM Media, and allow the intracellular 194 
fluo-4 to undergo de-esterification for 30 min in 37 ˚C.  195 
 196 
2.7. Transfer cells to microscope for imaging and stimulation. 197 
 198 
3. Optical imaging and stimulation 199 
 200 
3.1. Pre-heat a humidified microincubator to 37 ˚C and bubble air-CO2 mixture (95:5).  201 
 202 
3.2. Use a microscope with a collimated laser line coupled into the light path for calcium 203 
imaging and optical stimulation.  204 
 205 
NOTE: A scanning confocal microscope is the most straightforward option due to its point 206 
stimulation capabilities. However, this procedure can be done using any standard florescence 207 
microscope by coupling a collimated laser beam into the infinity space of the light path using a 208 
beam splitter. Any microscope objective is designed so that a collimated laser passed through it 209 
will be focused to a diffraction limited laser spot at the focal plane. The laser wavelength should 210 
be close to the excitation light, so it will be reflected by the dichroic mirror and passed by the 211 
excitation filter.  212 
 213 
3.3. Visualize the SiNWs and determine the stimulation site using brightfield microscopy, 214 
transmitted light, or reflective light. Then, reconfigure the light path to fluorescence mode, while 215 
maintaining the stimulation point at the predefined location of the SiNW. 216 
  217 
3.4. Validate the optimal stimulation power and pulse length for each SiNW size and cell type, 218 
to minimize photothermal damage to stimulated cells. For a typical stimulation protocol, perform 219 
a 2-10 s baseline recording of the intracellular calcium activity. Then, apply a single laser pulse of 220 



   

Page 5 of 6  revised November 2019 
 

1-10 mW power and 1-10 ms duration (corresponding to 30-300 kW/mm2) to stimulate the SiNW, 221 
and record the resulting calcium wave for another 2-10s.  222 
 223 
NOTE: It is essential to optimize the optical power and pulse length for each SiNW size and cells. 224 
This is necessary to minimize photothermal damage to the stimulated cells.  225 
 226 
3.5. Transfer the recorded movies of the optical stimulation, if necessary, for further analysis.  227 
 228 
4. Video processing 229 
 230 
4.1. Visualize changes in fluo-4 fluorescence using the “dF over F” macro17 available for 231 
ImageJ18, which calculates the change in fluorescence counts for each pixel, and normalizes by 232 
the average value of the resting baseline. Convert the output (floating point format) to 8 bits for 233 
further processing. 234 
 235 
4.2. Process the dF/F movie further using the “Remove outliers” selective median filter 236 
available in ImageJ. Define parameters to remove pixels where their value is more than 10 above 237 
the median value in a 2-pixel radius and replace that pixel value with the median. 238 
 239 
4.3. Calculate the optical flow in each frame via the Lucas-Kanade algorithm, as implemented 240 
in the Matlab Computer Vision toolbox. The output of this function was a vector field containing 241 
the x- and y-components of the optical flow at each point in each image (code is available in 242 
Supplementary File 1).  243 
 244 
NOTE: The mean optical flow within a cell, <ν>, corresponds to the development of calcium flux 245 
within a cell. The differential of the optical flow, Δ<ν> provides the time point at which calcium 246 
signaling was activated, by identifying where the signal was maximized. Additionally, the 247 
magnitude of Δ<ν> at its maximum is correlated to the rate at which the calcium wave front 248 
progresses through the cell. 249 
 250 
4.4. Calculate the intercellular speed of calcium transmission according to the following 251 
equation.  252 

𝑣𝐶𝑎2+ =  𝑟𝑖𝑗/(𝑡𝑚𝑎𝑥,𝑗 −  𝑡𝑚𝑎𝑥,𝑖), 253 

 254 
where 𝑡𝑚𝑎𝑥,𝑗 and 𝑡𝑚𝑎𝑥,𝑖 are the times of activation for cells j and i, respectively, and 𝑟𝑖𝑗 is the 255 

distance between the centroids of the cells. 256 
 257 
REPRESENTATIVE RESULTS:  258 
The ability of this methodology to allow direct access to the intracellular cytosol depends on the 259 
spontaneous internalization of the SiNW into the cells. Although SiNWs will undergo spontaneous 260 
internalization into many cell types15, some cells, such as cardiomyocytes and neurons, will need 261 
the SiNWs to be treated to allow their internalization19. In this protocol we describe the 262 
internalization process of p-i-n SiNWs with 200-300 nm diameter and ~1-3 µm long into cardiac 263 
MFs. Figure 1A demonstrates how the SiNWs appeared under transmitted light microscopy. 264 
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Using standard phase contrast optics, the confluent cells were easily apparent. However, the 265 
SiNWs were barely visible, making their locations impossible to define. Thus, we used dark field 266 
microscopy, where only reflecting objects can be seen and the background is dark. In this 267 
contrast, however, the cells cannot be seen, as they are not reflective. To show the location of 268 
the SiNW in the cells, we superimposed the images together, so that the perinuclear arrangement 269 
of the SiNWs within the cells is apparent. Although the colocalization of the SiNWs and cells is 270 
apparent, it still is important to verify that the SiNWs are indeed internalized within the cells, and 271 
not resting on the plasma membrane. To this end, we used confocal microscopy (Figure 1B), 272 
where the cytosol was stained with calcein-AM (green) and the plasma membrane with a 273 
membrane marker (red). The intracellular location of the SiNWs was then evident. Note that this 274 
step is extremely important in order to verify the intracellular location of the SiNWs, especially 275 
when a new cell type (or line) is used. However, after the internalization is established for the 276 
stained cells, other samples should be used for the stimulation procedure. Although it is not 277 
within the scope of this demonstration, it is also important to mention that in cases where SiNWs 278 
are not internalized, bioelectric processes may still be examined in a similar, extracellular way16. 279 
After the cells are hybridized with the SiNWs, they can be used to perform bioelectric studies.  280 
 281 
Here we demonstrate the use of this methodology to compare the homo-cellular MF-MF 282 
electrical coupling to the hetero-cellular coupling of MFs to CMs. After the cells were hybridized 283 
with the SiNWs, the hybrids were seeded with CMs and cultured. It is important to limit the 284 
culture time so that the proliferating MFs do not overpopulate the culture. Figure 2 shows a 285 
representative example of such an experiment. Co-cultured cells were loaded with calcium 286 
sensitive dye (fluo-4) and the cells were imaged under a spinning disc confocal microscope. 287 
Before applying any laser pulse, a brightfield image was obtained to identify the location of a 288 
SiNW that will be stimulated.  Then, a short baseline video was recorded, so the spontaneously 289 
beating CMs and the resting MFs can be identified (Supplementary Video 1 and Supplementary 290 
Video 2). In this experiment, the identified SiNW was stimulated with a single point laser pulse 291 
(640 nm, 1 ms, 4 mW). The cells were constantly imaged before and after the stimulation to 292 
visualize the calcium dynamics upon optical stimulation. As cells in culture greatly differ in their 293 
brightness (Supplementary Video 1), the live videos were processed into dF/F videos with blue 294 
to red pseudocolor (Supplementary Video 2), so that the calcium signals will be clearer. In this 295 
method, each pixel is compared to its own baseline resting state, before the stimulation was 296 
applied. The representative images in Figure 2C demonstrate the calcium propagation within the 297 
MFs-CMs co-culture and can be further analyzed to study the inter-cellular electrical coupling 298 
between the different cells, as well as the intracellular calcium dynamics.  299 
 300 
Figure 3A demonstrates a way to represent the calcium flux of the entire field of view in a single 301 
image. By analyzing the dF/F videos, we show the time at which the different cells were excited, 302 
which was determined by the point at which the change in average optical flow reaches its 303 
maximum. This way, one can see how the calcium flux propagated from cell to cell. A custom-304 
built MATLAB script (Supplementary File 1) was written and used to calculate the optical flow 305 
and to aid in identifying the time of activation within each cell region (Figure 3B). The inter-306 
cellular propagation speed can then be determined by taking the distance between the centroids 307 
of each cell and dividing by the time difference in their activation. A similar analysis can be 308 
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conducted that replaces distance with the number of junction crossings; for our purposes, the 309 
distance metric more faithfully presents the transmission speed as it also accounts for the time 310 
spent in intra-cellular propagation, which is non-negligible. Figure 3C demonstrates how the 311 
intra-cellular velocities were determined: for each cell, a line was drawn in the direction of 312 
calcium propagation and a kymograph was generated by plotting the intensity time profile along 313 
that line. We fit a line to the front of the activation wave in the kymograph, such that the slope 314 
of the line represented the inverse of the intra-cellular propagation speed. Figure 3D summarizes 315 
the different velocities (inter- and intra-cellular) for the different cells in the co-culture. All of the 316 
data represented in this graph were derived from the single video of a single representative field 317 
of view that was presented here.  318 
 319 
FIGURE LEGENDS:  320 
Figure 1: SiNWs internalized into MFs. (A) Phase contrast image of MFs treated with SiNWs show 321 
confluent cells (left). Darkfield image shows the SiNWs dispersed in the field of view (middle), 322 
while superimposing the two images (right) shows the perinuclear arrangement of the SiNWs 323 
within the MFs. Scale bars are 20 µm. (B) Representative confocal image (left, Scale bar is 10 µm) 324 
and 3 different n-z cross-sections that corresponds to the 3 dashed lines (right, Scale bars are 5 325 
µm) show the inner part of a MF and the SiNW that are clearly inside the cytosol. The cytosol is 326 
green (Calcein-AM), the membrane red (cell mask), and the SiNWs white (reflection). 327 
  328 
Figure 2: Calcium propagation in MF-CM co-culture. (A) Illustration of a typical stimulation 329 
experiment. MFs with internalized SiNWs are stimulated with a laser pulse, while the calcium flux 330 
is monitored by a calcium sensitive dye. (B) A bright field image of the cells shows the internalized 331 
SiNW inside one of the MFs (left) and a representative fluorescence image of the calcium dye 332 
(right). The stimulated SiNW is highlighted by a pink arrowhead. (C) A co-culture of MFs and CMs 333 
was loaded with calcium sensitive dye and a SiNW was stimulated with a laser pulse (640 nm, 1 334 
ms, 4 mW). The calcium flow was monitored by the fluo-4 intensity (top images) and a dF/F video 335 
was derived from it (bottom images). The dF/F algorithm makes the visualization of the calcium 336 
flux clearer, as it compares the intensity of each pixel to its own baseline, thus showing the 337 
change, and not the actual intensity. Scale bars is 20 µm. 338 
  339 
Figure 3: Analysis pf the dF/F videos from Figure 2. (A) the calcium propagation can be visualized 340 
via an optical mapping image, where the color codes for time the pixel was excited (meaning 341 
increase in calcium concentration and fluo-4 relative intensity). The optical mapping can be done 342 
for different time frames, i.e. short (1.1 s, top image) or longer (5.5 s, bottom image) durations. 343 
Scale bars are 20 µm. (B) Representative examples for calculating cell-cell transmission speed. 344 
Both cells are MFs here, but the same computation can be performed with MF-CM transmission. 345 
The graphs show the traces for the average optical flow (middle) and the differential (bottom) 346 
for each cell. The cell-cell transmission can then be calculated using the Tmax for both cells as well 347 
as their centroids, as described in the text. Red asterisks denote two CMs with limited MF-CM 348 
coupling and hence lack of response to optical stimulation. Scale bars are 20 µm. (C) the MFs’ 349 
intracellular calcium flux velocity was derived from the slope of a kymograph generated by slicing 350 
the colored lines. The kymographs represent intensity along the line (x axis) and time (y axis), so 351 
that steeper slopes correspond to higher velocities. Scale bars are 20 µm. (D) The MFs-MFs and 352 



   

Page 8 of 6  revised November 2019 
 

MFs-CMs inter-cellular velocities, as well as the MFs’ intra-cellular velocities can be derived from 353 
B and C respectively and plotted for comparison (p-value<0.0001).  354 
 355 
Supplementary Video 1: Effect of the MF-SiNW hybrid optical stimulation by Fluo-4. The CMs 356 
rate is illustrated before and after the stimulation for comparison. 357 
 358 
Supplementary Video 2: Effect of the MF-SiNW hybrid optical stimulation by the dF/F video, 359 
derived from the fluo-4 videos. The CMs rate is illustrated before and after the stimulation for 360 
comparison. 361 
 362 
DISCUSSION:  363 
We have demonstrated here a simple way to perform intracellular electrical stimulation of cells. 364 
In this demonstration, we used MFs that were prehybridized with SiNWs, then co-cultured with 365 
CMs. In general, most proliferating cells have the tendency to internalize SiNWs, which allows 366 
the use of this methodology with many other cell types. Moreover, while we demonstrated the 367 
intracellular stimulation of cells, the same principles can be used to perform extracellular 368 
stimulation of cells. This can be done by blocking endosomal cascades15 of cells that will 369 
spontaneously internalize them, or using cells that do not internalize SiNWs. For instance, 370 
although CMs were found to internalize some nanostructures20,21, they do not spontanously 371 
internalize SiNWs15. The SiNWs used here were synthesized using a chemical vapor deposition 372 
(CVD) apparatus. Refer to additional resources regarding the detailed procedure for SiNWs 373 
synthesis, which can be found elsewhere16. After obtaining SiNWs, their handling and use are 374 
simple, and do not require any sophisticated or expensive equipment that is not readily available 375 
in a standard bio-medical lab. The SiNWs can be easily seen using standard darkfield microscopy 376 
(Figure 1), which makes it easy for the user to follow the internalization process and determine 377 
the appropriate SINW concentration and treatment duration that is necessary for successful 378 
internalization. It is also highly recommended to determine the exact final location of the SiNWs 379 
after the internalization step is complete. This can be done by commercially available dyes used 380 
for live-dead assays (such as Calcein-AM, used here) and confocal microscopy (Figure 1B). This 381 
step is important when a different line of cells is used for the first time, and the cell-SiNW 382 
interaction is unclear. Different cells might internalize SiNW under different conditions i.e. time, 383 
concentration, and size distribution. However, after the internalization process is characterized 384 
for a given cell, this verification procedure can be skipped while performing mechanistic bio-385 
electric studies.  386 
 387 
After the cells are hybridized with the SiNWs, they can be harvested by standard tissue culture 388 
techniques and used for bioelectric investigations. In this protocol, we used MFs-SiNWs hybrids 389 
to investigate how MFs electrically couple to other MFs, or to CMs in vitro. However, it is 390 
important to note that this procedure can be used to perform in vivo assays as well. For instance, 391 
in a previous study from our lab we used this methodology to study how MFs electrically couple 392 
to CMs in vivo and compare that to their coupling in vitro14. As this process requires some more 393 
technical capabilities, it is not described in this protocol, but the details can be found in our 394 
previous study. Here, we show how the hybrid cells can be used to learn how calcium propagates 395 
intra- and intercellularly within the co-culture (Figure 2A). To begin the experiment, the location 396 
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of a SiNW is determined for point stimulation. Although SiNWs are barely visible using phase 397 
contrast, it is important to mention that standard brightfield (without phase or darkfield contrast) 398 
will also allow their visualization (Figure 2B), without any need for fluorescent labeling or 399 
specialized microscopy techniques. After identifying a SiNW of interest, one can apply an optical 400 
pulse to electrically stimulate the cell. Before stimulation is applied, baseline recording of the 401 
cells shows spontaneous electrical activity in four different groups of CMs, which seem to be 402 
unsynchronized in their electrical activity (Supplementary Video 1 and Supplementary Video 2). 403 
Moreover, 8 different MFs with no spontaneous electrical activity can be seen. Representative 404 
calcium dye and dF/F images show the propagation of calcium throughout the culture upon 405 
optical stimulation (Figure 2C, and Supplementary Video 1 and Supplementary Video 2). These 406 
live videos can be further analyzed to learn the electrical coupling of the different cells in the field 407 
of view (Figure 3). First, optical mapping of the video (Figure 3A) shows the sequence of cells that 408 
are stimulated by the optical pulse. The time bars on the right are relative to first frame after the 409 
optical stimulation was applied. As the CMs’ response to the stimulation is much faster than that 410 
of the MFs, we performed the optical mapping twice, with different time frames. The first was 411 
performed to show the fast CMs response, so that the color range covers 1.1 s after the 412 
stimulation. This shows the order in which the different CMs and the first MFs are excited by the 413 
stimulation. However, since there are MFs that are further downstream the propagation path, 414 
their excitation timing does not appear in this mapping. Thus, the same analysis was performed 415 
for a longer duration, which give less details on the initial response, but clearly demonstrates the 416 
lag time and slower response of MFs that are downstream from the excitation site. Using our 417 
custom-built algorithm, we were able to provide a reproducible quantitative analysis of the 418 
maximal calcium flux timing, which we used as a reference, along with the cell’s distance from 419 
the stimulation, to determine the intercellular propagation velocity to that cell. This was 420 
performed on both the CMs and the MFs, so that the clear difference between the passive (MF-421 
MF) and amplified (MF-CM) propagation can be measured. Moreover, it can be clearly shown 422 
that the electrical activity of two CMs (red asterisks in Figure 3B) are unaffected by the optical 423 
stimulation. This may be attributed to the fact that not all cells are equally coupled to another 424 
within the culture. This technique allows the user to identify which cells in the field of view are 425 
indeed coupled to the stimulated cell, and which are not. Additionally, we were able to determine 426 
the propagation direction within each cell and set a parallel line that was used to derive a 427 
kymograph describing the propagation within that cell. This was used to determine the 428 
intracellular calcium flux velocity, according to the slope of the kymograph (Figure 3C). When all 429 
intra- and intercellular velocities were compiled, it was clear that the CMs’ response was 430 
significantly faster than that of the MFs’ response to the optical stimulation. Concurrently, the 431 
MFs’ intracellular velocities were found to be slightly faster, but comparable to the MF-MF 432 
intercellular propagation velocities. This observation suggests that unlike the amplified electrical 433 
coupling between MFs to CMs, the intercellular electrical coupling between the MFs is passive, 434 
and based on diffusion of calcium through the intracellular volume, and then intercellular gap-435 
junctions22,23 or tunneling nanotubes24, acting like a bottleneck which slows down the 436 
propagation velocity. The ability of the SiNWs to transduce the optical stimulation to an 437 
bioelectric interrogation may be attributed to the photoanodic and photocathodic reaction at 438 
the p-n junction of the SiNWs, or to the photothermal reaction due to the low heat capacity of 439 
the SiNWs13. Although other nanoscale particles can transduce optical stimulation25, they are 440 
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usually encapsulated into an endosomal envelope26, limiting their ability to directly interface with 441 
intracellular organelles for local interrogation. It is important to realize that the high optical 442 
density of the stimulation may result in cellular damage due to the photothermal effect. Thus, it 443 
is important to optimize the power and pulse length so that such an effect will be avoided. 444 
However, for sensitive cells, it is possible to study how the calcium propagates between the other 445 
cells in the culture, even if local thermal damage is applied to the stimulated cell.   446 
 447 
Another key aspect of this analysis methodology is that all the data shown in Figure 3D were 448 
collected from a single video of a single field of view within that culture. Despite using a single 449 
field of view, the data collected was still strong enough to obtain statistical significance, which 450 
demonstrates the strength and efficiency of this methodology. To analyze and study more 451 
delicate and subtle effects, a much larger data set can be easily generated by stimulating other 452 
cells within the same culture. For a glass bottom dish with effective diameter of 10 mm, one can 453 
find more than 2000 fields of view to analyze. As a simple point laser stimulation needs to be set, 454 
each stimulation experiment should take less than 1 min to perform. This will allow many 455 
mechanistic studies to be performed in a way that are inaccessible using traditional techniques 456 
such as patch-clamp, or microelectrode array with predefined electrode positions. Moreover, the 457 
nano-scale size of the SiNWs used herein, allows for stimulation with extremely high spatial 458 
resolution. As for the temporal resolution, it will be determined by the microscope used for the 459 
imaging/simulation. In this context, using imaging will result in low temporal resolution, this can 460 
be improved by using more time sensitive electrophysiology techniques, such as patch clamp or 461 
micro-electrodes arrays. Although SiNWs are considered to be bioabsorbable in the long term, 462 
we have never noticed any noticeable degradation within the time frame of up to 7 days, which 463 
will allow its use for most in vitro studies.  464 
 465 
Overall, we used a simple and straight forward technique to perform an in vitro bio-electric 466 
investigation of cardiac cells. We show how we can study the different way different cells are 467 
coupled to one another and described a reproducible way to quantify calcium propagation and 468 
velocity. The technique is adaptable to other cell types, as well as to in vivo and ex vivo settings. 469 
It is based on standard fluorescence microscopy and a coupled laser that are broadly available to 470 
standard biomedical labs, and there is no need for specialized equipment. The technique can be 471 
easily mastered and can allow the collection of large data sets in minimal time, as compared to 472 
available techniques.  473 
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Name of Material/Equipment Company Catalog Number Comments/Description

35 mm Glass bottom dishes Cellvis D35-10-0-N
3i Marianas Spinning Disk 

Confocal 3i

Calcein-AM Invitrogen C1430
CellMask Orange Plasma 

membrane Stain Invitrogen C10045

Collagen I, rat tail Gibco A1048301

Deluxe Diamond Scribing Pen Ted Pella 54468
DMEM, high glucose, pyruvate, no 

glutamine Gibco 10313039

DMSO, Anhydrous Invitrogen D12345
Falcon Standard Tissue Culture 

Dishes Falcon 08-772E
Fetal Bovine Serum, certified, heat 

inactivated, Gibco 10082147
Fibronectin Human Protein, 

Plasma Gibco 33016015
Fisherbrand 112xx Series 

Advanced Ultrasonic Cleaner Fisher Scientific FB11201

Fluo-4, AM, cell permeant Invitrogen F14201

FluoroBrite DMEM Media Gibco A1896701

L-Glutamine (200 mM) Gibco 25030081

OKO full environmental control 

chamber (constant temperature, 

humidity and CO2) OKO

PBS, pH 7.4 Gibco 10010023
Penicillin-Streptomycin (10,000 

U/mL) Gibco 15140122
Pierce Primary Cardiomyocyte 

Isolation Kit Thermo Scientific 88281
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Trypsin-EDTA (0.25%), phenol red Gibco 25200056



Our responses to the comments are written in red font.  

Editorial comments: 

Changes to be made by the Author(s): 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that 

there are no spelling or grammar issues. The JoVE editor will not copy-edit your 

manuscript and any errors in the submitted revision may be present in the published 

version. 

This was done.  

 

2. Please format the manuscript as: paragraph Indentation: 0 for both left and right and 

special: none, Line spacings: single. Please include a single line space between each 

step, substep and note in the protocol section. Please use Calibri 12 points 

This was done.  

 

3. Please ensure that the long Abstract is within 150-300-word limit and clearly states 

the goal of the protocol. 

This was done.  

 

4. JoVE cannot publish manuscripts containing commercial language. Please remove 

all commercial language from your manuscript and use generic terms instead. All 

commercial products should be sufficiently referenced in the Table of Materials and 

Reagents. 

For example: Gibco, Pierce™ Primary 94 Cardiomyocyte Isolation Kit, Invitrogen, 

FluoroBrite, 3i Marianas Spinning Disk 159 Confocal, 

This was corrected. 

 

5. Please ensure that all text in the protocol section is written in the imperative tense as 

if telling someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The 

actions should be described in the imperative tense in complete sentences wherever 

possible. Avoid usage of phrases such as “could be,” “should be,” and “would be” 

throughout the Protocol. Any text that cannot be written in the imperative tense may be 

added as a “Note.” 

This was corrected. 

 

6. The Protocol should contain only action items that direct the reader to do something. 

This was corrected. 

 

7. Please ensure that individual steps of the protocol should only contain 2-3 actions 

sentences per step 

This was corrected. 
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8. Please ensure you answer the “how” question, i.e., how is the step performed 

This was corrected. 

 

9. There is a 10-page limit for the Protocol, but there is a 2.75-page limit for filmable 

content. Please highlight 2.75 pages or less of the Protocol (including headings and 

spacing) that identifies the essential steps of the protocol for the video, i.e., the steps 

that should be visualized to tell the most cohesive story of the Protocol. 

The entire protocol section is <2.75 pages long.  

 

10. Please remove the embedded figure(s) from the manuscript. All figures should be 

uploaded separately to your Editorial Manager account. Each figure must be 

accompanied by a title and a description after the Representative Results of the 

manuscript text. 

This was done. 

 

11. All images with microscopes should have a scale bar. 

This was corrected. 

 

12. Please remove the embedded figure(s) from the manuscript. All figures should be 

uploaded separately to your Editorial Manager account. Each figure must be 

accompanied by a title and a description after the Representative Results of the 

manuscript text. 

This was corrected. 

 

13. Each Figure Legend should include a title and a short description of the data 

presented in the Figure and relevant symbols. The Discussion of the Figures should be 

placed in the Representative Results. Details of the methodology should not be in the 

Figure Legends, but rather the Protocol. 

This was done. 

 

14. As we are a methods journal, please ensure that the Discussion explicitly cover the 

following in detail in 3-6 paragraphs with citations: 

a) Critical steps within the protocol 

b) Any modifications and troubleshooting of the technique 

c) Any limitations of the technique 

d) The significance with respect to existing methods 

e) Any future applications of the technique 

This was corrected. 



 

15. Video images: Please make a video in mp4 instead of uploading separate individual 

images. 

This was corrected. 

 

16. Please remove trademark (™) and registered (®) symbols from the Table of 

Equipment and Materials. Please sort the tables in alphabetical order. 

This was corrected. 

 

Reviewers' comments: 

Reviewer #1: 

Manuscript Summary: 

The manuscript describes a recently developed novel technique that uses silicon 

nanowires (SiNWs) for intracellular bioelectric interrogation different non-excitable cells 

at submicron spatial resolution. The authors showed that SiNWs can be spontaneously 

internalized by myofibroblasts to form a seamless integration with the cytosol and 

intracellular organelles. They further demonstrated that these cell-silicon hybrids can be 

applied to study the electrical coupling of cardiac cells and compare how myofibroblasts 

couple to one another or to cardiomyocytes. The high spatial resolution of the current 

technique, combined with its easy implementation and high levels of flexibility, makes it 

a promising candidate for high-resolution intracellular bioelectric interrogation. 

We thank reviewer for the support in our manuscript. We addressed the concerns as 

described in our response to each comment.  

 

Minor Concerns: 

1, Page 4, line 202. "Although SiNW will undergo spontaneous internalization into many 

cell types, such as cardiomyocytes and neurons, will need the SiNW to be treated to 

allow their internalization." can be revised as "SiNW will undergo spontaneous 

internalization into many cell types, such as cardiomyocytes and neurons, after surface 

modification." 

We thank the reviewer for bringing up this issue. The intention was that many types 

actually do not need surface modifications. We changed the sentence to- “Although 

SiNW will undergo spontaneous internalization into many cell types, some cells, such as 

cardiomyocytes and neurons, will need the SiNW to be treated to allow their 

internalization” (see lines 200-202). 

 

2, As the manuscript focusses on the high spatial resolution of cell-silicon hybrids for 

bioelectric interrogation, I would suggest the authors to include some discussion on the 

temporal resolution of the current method and the stability of the SiNWs. 



We appreciate the reviewer’s suggestion and have accordingly added the relevant short 

discussion (see lines 386-391). In this context, it is important to emphasize that the 

spatial resolution is an inherent feature of the SiNWs we used and will be determined by 

their size. However, the temporal resolution is primarily dependent on the microscope 

that is used, i.e. the frame rate and the need to change optical switches will determine 

the temporal resolution and not the cells or SiNWs used. We haven’t tested the long-

term stability of the SiNWs in vitro, but no noticeable degradation was observed within 

the 7 days of culture we performed. 

 

Reviewer #2: 

The manuscript "Bioelectric Investigation Using Silicon Nanowires and Optical 

Stimulation" presents the technical detail to perform Ca2+-propagation studies intra- 

and inter- cellular in myofibroblasts and cardiomyocytes with internalized silicon 

nanowires. There are several points unclear through the document that the authors 

need to address: 

We thank the reviewer for highlighting these missing and misleading data. We have 

addressed them as noted for each comment. 

 

1. Protocol 

 

a. Step 1.2: Write the full name for "pen/strep", or have a list of abbreviations and their 

meaning. 

This was corrected.  

 

b. Step 1.4: Rinse off with what? Specify it. 

This was corrected.  

 

c. Step 1.5: Mentioning that a cell will proliferate 80% in 2-4 days is too vague. What is 

the seeding (total cells or density) for such outcome? Do the isolation kit provide such 

data? 

We added the ratio of digested hearts per dish to 1.3.  

 

d. Step 1.8: Use the proper description of a bio-hood, such as biosafety laminar flow 

hood. 

This was corrected.  

 

e. Step 1.10: Maximum power does not indicate the used power, which can vary from 

equipment to equipment. Include the actual used power. In addition, the description of 

"Sonication time and power should be optimized for different sonicators, and different 



cells as shorter durations will yield longer SiNWs" is unclear. Please provide some 

examples or points of reference. 

We appreciate the reviewer’s comment and realize the lack of actual used power. 

Unfortunately, the specific bath sonicator we used does not document the actual 

maximal power. Additionally, it is difficult to anticipate the power needs for other labs 

attempting to reproduce this study, as the necessary power may vary based on the size, 

volume, and use history of other sonicators. In order to address this concern, we have 

added a note emphasizing the importance of empirically determining the appropriate 

power and duration of sonication, which is also the method by which we identified the 

parameters used in this report.  

 

f. Step 1.11: Rinse with media … which kind of media?, cell culture media? Specify the 

required media. In addition, the text "Note that different cell types may need different 

SiNWs concentration and/or internalization times" should be moved to the end of this 

step. 

This was corrected.  

 

g. Step 1.12, 2.4, 2.6, 3.1: "37C" or "20C", the sign of degree is missing between. 

This was corrected.  

 

h. Step 1.12 and 2.1: Instead of "Aspirate" use "Remove" as the action descriptor. 

This was corrected.  

 

i. Step 1.12: How is the fibronectin or collagen pre-treatment done? 

We thank the reviewer for bringing this important issue up. We have updated the 

collagen coating procedure in [1.12].  

 

j. Step 1.13: Under which conditions the SiNWs will be observed internalized in a 

confocal microscope? At which excitation and emission wavelengths will them be 

assessed? 

This was corrected (in 1.14).  

 

k. Step 3.1: In "CO2", the "2" is written as a sub-index. 

This was corrected.  

 

2. Results: 

a. Line 204: How should SiNW be treated for internalization? It is not clear at this point. 

We thank the reviewer for bringing up this issue. The intention was that many types 

actually do not need surface modifications (as done here). We changed the sentence to 

be clearer (see lines 200-202). 



b. Line 226: Fig. 2A is a cartoon of the ideal experiment, it is not a representative 

example as stated. 

We thank the reviewer for bringing this to our attention. Fig. 2A was changed to Fig. 2 

(see line 224).  

 

c. Line 271: Figure caption for (A) is wrong with respect to what that panel shows. 

This was corrected (see lines 265-267).  

 

3. Discussion: 

a. Line 302, it should be noted that cardiac cells can internalize other nanostructures, as 

previously reported PMID: 29273321 / DOI: 10.1016/j.jconrel.2017.12.018 and PMID: 

31341535 / PMCID: PMC6612997 / DOI: 10.1155/2019/7683051 . Authors should 

include a statement regarding this point. 

We thank the reviewer for his comment, and we added a short discussion to clarify this 

point (see lines 301-303).  

.    

b. Lines 316-319: Authors should illustrate what are the possible expected changes of 

using a new line of cells. In addition, this reviewer considers that instead of "a new line 

of cells" the authors should consider changing to "a different line of cells". 

This was corrected (see lines 314-315).  

 

c. Line 368: "may result I cellular damage". This reviewer thinks this phrase should be 

"may result in cellular damage". Please correct. 

This was corrected (see line 372).  

 

d. Lines 373-374: "However, the data collected were still enough to obtain statistical 

significance, despite the small data set" => the wording of this phrase is awkward, 

please re-phrase. 

This was corrected (see lines 378-380).  

  

Reviewer #3: 

Manuscript Summary: 

The manuscript describes a protocol for the optically addressable intra-cellular 

interrogation, using p-i-n core-shell silicon nanowires. It is demonstrated that optically 

excited cells with internalized SiNWs show stimulation-dependent calcium flow upon 

calcium imaging. The protocol is detailed and unbiased, however the videos were not 

yet available for the review (just the captured stills). 

We thank reviewer  for the support in our manuscript. We addressed the concerns as 

described in our response to each comment.  

 



Major Concerns: 

The protocol claims bioelectric investigation, while it's still not clear, as is apparent from 

[12], that the stimulation mechanism is indeed electric. In the accompanying research 

paper [12], possible photo-faradaic mechanism is proposed to happen on the exposed p 

and n parts of the p-i-n core-shell structure. The ratio of the exposed surface areas 

available for the faradaic reactions hugely favors the outside of the SiNW, and the 

overall reaction is limited by the very small (<100 nm in diameter) exposed area in the 

center of the base of the nanowire. This suggest that the possible mechanism may be 

photothermal in origin. While a JoVE publication server to demonstrate the protocol, it 

may be not the best idea to label a protocol as a bio-electric while this was not 

demonstrated to be the case beyond reasonable doubt. I propose to re-think the title 

and the claims for the bioelectric stimulation, and to add a short discussion of the 

possible stimulation mechanisms. 

We thank the reviewer for pointing out this important issue regarding our title. We agree 

with the reviewer that the stimulation mechanism (electric vs. thermal) is uncertain at 

this point. Although we used the term “bioelectric investigation” to describe the electrical 

activity and the signal propagation within and between the cells and not to describe the 

phenomena occurring at the SiNW-cytosol interface, we can understand why this title 

might be misleading and confusing to our readership. Thus, we changed the title of the 

manuscript to “Silicon Nanowires and Optical Stimulation for Investigations of Intra- and 

intercellular Electrical Coupling”. 

 

Minor Concerns: 

The stability of the internalized SiNWs was not discussed. It is know that silicon 

nanostructures can degrade in a water environment, over the course of hours. I would 

like to see some discussion of the stability issue. 

We appreciate the reviewers concern and added the relevant short discussion (see 

lines 386-391). We haven’t tested the long-term stability of the SiNWs in vitro, but no 

noticeable degradation was observed within the 7 days of culture we performed. 

Although this time frame will allow to conduct most in vitro experiments, it is expected 

that the SiNWs will allow stable photo-stimulation for longer timespans, but this should 

be verified in a separate study which is outside the scope of this method manuscript.  

 

A few sentences regarding the preparation of the SiNWs by the CVD method would be 

useful, instead of referring the reader to a previously published paper. In particular, the 

final dimensions and the doping concentrations of the SiNWs would be particularly 

useful to the reader. 

We thanks the reviewer for this comment. We have added the diameter and length of 

the SiNWs to the manuscript (see line 203). However, the SiNW synthesis protocol is 

extremely technical, and requires specialized equipment, thus we decided not to 



elaborate on this to keep the scope of the manuscript in the biological implementation.  

 

 

Reviewer #4: 

This work outlines guidelines for in vitro photostimulation experiments using silicon 

nanowires is useful and timely, building upon the extensive tutorial methods published 

recently by this group: Parameswaran, R., Koehler, K., Rotenberg, M. Y., Burke, M. J., 

Kim, J., Jeong, K. Y., et al. (2019). Optical stimulation of cardiac cells with a polymer-

supported silicon nanowire matrix. Proc. Natl. Acad. Sci. U. S. A. 116, 413-421. 

doi:10.1073/pnas.1816428115. 

Unlike in that work, this one concentrates on the cell imaging aspects. I think this video 

is worthwhile to produce, I have a few considerations which should be added to the text 

to benefit readers of this work: 

We thank reviewer for the support in our manuscript. We addressed the concerns as 

described in our response to each comment.  

 

1. On line 172 there is a discussion on laser power (1-10 mW) it should be mentioned 

what are the typical power densities which are needed to elicit stimulation, i.e. the areal 

power density in mW/mm2. This is the important figure of merit that people have to 

consider when performing these experiments. 

We thank the reviewer for this extremely important clarification. We have added the 

relevant data to the protocol (see line 171).  

 

2. It would be good to comment more on the stimulation mechanisms at play, for 

instance photothermocapacitive or photofaradaic, what is to be expected to these Si-

NW materials? What should people entering this field consider? What could be 

generally applicable to other nanoscale light transducing materials? 

We thank the reviewer for bringing up this issue, which we have disregarded in our 

initial manuscript. We added a short discussion to address this issue (see line 366-369). 

 

3. line 116 - what is the sonication power? this is a very critical parameter. Are there 

limits where the nanowires can be damaged? more details for practical consideration 

would be appreciated here. 

We appreciate the reviewer’s comment and realize the lack of actual used power. 

Unfortunately, the specific bath sonicator we used does not document the actual 

maximal power. Additionally, it is difficult to anticipate the power needs for other labs 

attempting to reproduce this study, as the necessary power may vary based on the size, 

volume, and use history of other sonicators. In order to address this concern, we have 

added a note emphasizing the importance of empirically determining the appropriate 



power and duration of sonication, which is also the method by which we identified the 

parameters used in this report (see line 118-119).  

 

Good luck with production of the video! 
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