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SUMMARY: 21 
Here we presented a multiplexed single cell mRNA sequencing method to profile gene expression 22 
in mouse embryonic tissues. The droplet-based single cell mRNA sequencing (scRNA-Seq) 23 
method in combination with multiplexing strategies can profile single cells from multiple samples 24 
simultaneously, which significantly reduces reagent costs and minimizes experimental batch 25 
effects.  26 
 27 
ABSTRACT:  28 
Single cell mRNA sequencing has made significant progress in the last several years and has 29 
become an important tool in the field of developmental biology. It has been successfully used to 30 
identify rare cell populations, discover novel marker genes, and decode spatial and temporal 31 
developmental information. The single cell method has also evolved from the microfluidic based 32 
Fluidigm C1 technology to the droplet-based solutions in the last two to three years. Here we 33 
used the heart as an example to demonstrate how to profile the mouse embryonic tissue cells 34 
using the droplet based scRNA-Seq method. In addition, we have integrated two strategies into 35 
the workflow to profile multiple samples in a single experiment. Using one of the integrated 36 
methods, we have simultaneously profiled more than 9,000 cells from eight heart samples. These 37 
methods will be valuable to the developmental biology field by providing a cost-effective way to 38 
simultaneously profile single cells from different genetic backgrounds, developmental stages, or 39 
anatomical locations.  40 
 41 
INTRODUCTION: 42 
The transcriptional profile of each single cell varies among cell populations during embryonic 43 
development. Although single molecular in situ hybridization can be used to visualize the 44 
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expression of a small number of genes1, single cell mRNA sequencing (scRNA-Seq) provides an 45 
unbiased approach to illustrate genome-wide expression patterns of genes in single cells. After 46 
it was first published in 20092, scRNA-Seq has been applied to study multiple tissues at multiple 47 
developmental stages in the recent years3-5. Also, as the human cell atlas has launched its 48 
developmental-focused projects recently, more single cell data from human embryonic tissues 49 
are expected to be generated in the near future. 50 
 51 
The heart as the first organ to develop plays a critical role in embryonic development. The heart 52 
consists of multiple cell types and the development of each cell type is tightly regulated 53 
temporally and spatially. Over the past few years, the origin and cell lineage of cardiac cells at 54 
early developmental stages have been characterized6, which provide a tremendous useful 55 
navigation tool for understanding congenital heart disease pathogenesis, as well as for 56 
developing more technologically advanced methods to stimulate cardiomyocyte regeneration7.  57 
 58 
The scRNA-Seq has undergone a rapid expansion in recent years8-10. With the newly developed 59 
methods, design and analysis of single cell experiments has become more achievable11-14. The 60 
method presented here is a commercial procedure based on the droplet solutions (see Table of 61 
Materials)15,16. This method features capturing cells and sets of uniquely barcoded beads in an 62 
oil-water emulsion droplet under control of a microfluidic controller system. The rate of cell 63 
loading into the droplets is extremely low so that the majority of droplet emulsions contain only 64 
one cell17. The procedure’s ingenious design comes from single cell separation into droplet 65 
emulsions occurring simultaneously with barcoding, which enables the parallel analysis of 66 
individual cells using RNA-Seq on a heterogeneous population.  67 
 68 
The incorporation of multiplexing strategies is one of the important additions to the traditional 69 
single cell workflow13,14. This addition is very useful in discarding cell doublets, reducing 70 
experimental costs, and eliminating batch effects18,19. A lipid based barcoding strategy and an 71 
antibody based barcoding strategy (see Table of Materials) are the two mostly used multiplexing 72 
methods. Specific barcodes are used to label each sample in both methods, and the labeled 73 
samples are then mixed for single cell capturing, library preparation, and sequencing. Afterwards, 74 
the pooled sequencing data can be separated by analyzing the barcode sequences (Figure 1)19. 75 
However, significant differences exist between the two methods. The lipid based barcoding 76 
strategy is based on lipid-modified oligonucleotides, which has not been found to have any cell 77 
type preferences. While the antibody based barcoding strategy can only detect the cells 78 
expressing the antigen proteins19,20. In addition, it takes about 10 min to stain the lipids but 40 79 
min to stain the antibodies (Figure 1). Furthermore, the lipid-modified oligonucleotides are 80 
cheaper than antibody-conjugated oligonucleotides but not commercially available at the time 81 
of writing this article. Finally, the lipid-based strategy can multiplex 96 samples in one 82 
experiment, but the antibody-based strategy currently can only multiplex 12 samples.  83 
 84 
The recommended cell number to multiplex in a single experiment should be lower than 2.5 x 85 
104, otherwise, it will lead to a high percentage of cell doublets and potential ambient mRNA 86 
contamination. Through the multiplexing strategies, the cost of single cell capturing, cDNA 87 
generation, and library preparation for multiple samples will be reduced to the cost of one 88 



   

sample but the sequencing cost will remain the same.  89 
 90 
PROTOCOL: 91 
The animal procedure is in accordance with the University of Pittsburgh Institutional Animal Care 92 
and Use Committee (IACUC). 93 
 94 
1. Mouse embryonic heart dissection and single cell suspension preparation 95 
 96 
NOTE: This step could take a few hours depending on the numbers of embryos to dissect. 97 
 98 
1.1. To acquire E18.5 embryonic hearts, euthanize a pregnant CD1 mouse by CO2 administration. 99 
Use a razor to remove the unwanted hair in the abdominal area and disinfect the skin with 70% 100 
ethanol. 101 
 102 
1.2. Cut the skin of the abdomen using sterilized scissors and carefully dissect the embryos out 103 
and quickly put them into cold phosphate-buffered saline (PBS) on ice.  104 
 105 
1.3. Isolate hearts from each individual embryo carefully in a 10 cm dish filled with cold PBS under 106 
a stereoscopic microscope using forceps and scissors.  107 
 108 
NOTE: Keep the four chambers intact by dissecting the lung with heart together and DO NOT 109 
directly catch/pull the heart with surgical instruments. 110 
 111 
1.4. Transfer ~10 hearts into a new 10 cm dish filled with cold PBS and micro-dissect the hearts 112 
into left atrium, right atrium, left ventricle, and right ventricle.  113 
 114 
NOTE: This is assumed to yield more than 1 x 106 cells from each sample. We recommend to start 115 
with at least 1 x 105 cells per sample. 116 
 117 
1.5. Transfer each of the 4 chamber tissues to a 1.5 mL tube and chop them into pieces using 118 
scissors. Centrifuge at 300 x g for 3 min to collect the tissues.  119 
 120 
1.6. After aspirating the supernatant, add 1 mL of 0.25% Trypsin/EDTA to each tube and incubate 121 
in a 37 °C water bath for 10 min. Pipet up and down gently 7–8 times using a P1000 pipette. 122 
 123 
1.7. If the embryonic stage is older than E11.5, add 1 mL of 10 mg/mL collagenase A/B mixture 124 
and incubate at 37 °C for 10–20 min. Gently pipet up and down until most cells are dissociated.  125 
 126 
1.8. Transfer the cells to a 15 mL tube and add 8 mL Hank's balanced salt solution (HBSS) to dilute 127 
the enzymes. Spin down the cells at 300 x g for 5 min. Suspend the cells in 1 mL of PBS and 128 
transfer them to a 1.5 mL tube. Filter the cells through a 40 μm cell strainer.  129 
 130 
1.9. Take 15 μL of volume from each sample and mix with the same amount of 0.04% trypan blue. 131 
Load this on a cell counting chamber and count the cells in a cell counter.  132 
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 133 
NOTE: To generate high quality results, cell viability is recommended to be higher than 95%. 134 
 135 
2. Single cell multiplexing barcoding  136 
 137 
NOTE: This step takes at least 40 min which varies based on the number of samples processed. A 138 
clean bench area treated with RNase decontamination solution is required for pre-amplification 139 
steps (step 2.11 to 3.11), and a separate clean bench area is required for the post-amplification 140 
steps (the steps after 3.11).  141 
 142 
2.1. Lipid based barcoding procedure (optional procedure 1) 143 
 144 
2.1.1. Based on cell concentration, keep less than 5 x 105 cells per sample. Make sure the cell 145 
suspension is free of debris and cell aggregates. 146 
 147 
2.1.2. Prepare 2 μM anchor/barcode stock solution and 2 μM co-anchor stock solution for each 148 
sample (Table 1).  149 
 150 
NOTE: The anchor and co-anchor were kindly gifted by Dr. Zev J. Gartner lab. To synthesize these 151 
lipid-modified oligonucleotides, DNA sequences were conjugated with fatty acid on a solid 152 
support and purified by reversed-phase high-performance liquid chromatography (HPLC)18,19.  153 
 154 
2.1.3. Wash the cells twice with PBS and collect the cells at 300 x g for 5 min. Suspend cells in 180 155 
μL of PBS.  156 
 157 
2.1.4. Add 20 μL of anchor/barcode stock solution and pipette up and down gently to mix. 158 
Incubate on ice for 5 min.  159 
 160 
2.1.5. Add 20 μL of co-anchor stock solution and pipette up and down gently to mix, then incubate 161 
on ice for another 5 min.  162 
 163 
2.1.6. Add 1 mL of cold PBS with 1% BSA and centrifuge at 300 x g for 5 min at 4 °C. Wash at least 164 
2 more times with ice cold 1% BSA in PBS.  165 
 166 
2.1.7. Combine all samples together and filter through 40 μm cell strainers. Count the cells and 167 
keep the cell suspension on ice to use in section 3.  168 
 169 
2.2. Antibody-based barcoding procedure (optional procedure 2) 170 
  171 
2.2.1. Centrifuge 1 x 106–2 x 106 cells for each sample (from step 1.8) at 300 x g for 5 min and 172 
suspend them in 100 μL of staining buffer (Table 1) in 1.5 mL low bind tubes. 173 
 174 
2.2.2. Add 10 μL Fc blocking reagent and incubate for 10 min at 4 °C. 175 
 176 



   

2.2.3. Prepare antibodies (see Table of Materials) by centrifuging at 14,000 x g for 10 min at 2–8 177 
°C.  178 
 179 
2.2.4. Add 1 µg of each oligo-conjugated antibody to 50 μL of cell staining buffer to make antibody 180 
staining solution20. Add one antibody staining solution to each sample tube. Incubate for 30 min 181 
at 4 °C.  182 
 183 
2.2.5. Wash cells 3 times with 1 mL of PBS, spin for 5 min at 350 x g at 4 °C.  184 
 185 
2.2.6. Pool all samples at desired proportions in 1 mL of staining buffer, spin for 5 min at 350 x g 186 
at 4 °C. 187 
 188 
2.2.7. Resuspend cells in PBS at appropriate concentration (up to 1,500 cells/μL) and filter cells 189 
through a 40 μm cell strainer. Immediately proceed to the next step.  190 
 191 
3. Droplet generation and mRNA reverse transcription  192 
 193 
NOTE: This step takes about 90 min for one multiplexed reaction. 194 
 195 
3.1. Equilibrate the gel beads (see Table of Materials) to room temperature for 30 min. Take out 196 
reagents from gel beads-in-emulsion (GEM) kit (see Table of Materials) and keep them at their 197 
indicated temperature.  198 
 199 
3.2. Assemble the chip B into a chip holder (see Table of Materials).  200 
 201 
3.3. Dispense 75 μL of 50% glycerol solution into the unused wells in row 1; 40 μL in row 2; 280 202 
μL in row 3. Do not add glycerol in any recovery wells on the top row of the chip. 203 
 204 
3.4. Prepare the master mix on ice according to Table 1. Add appropriate volume of cell 205 
suspension and nuclease-free water to master mix according to a cell suspension volume 206 
calculator table17 and gently pipette the mix. Dispense 75 μL of cell mixture into the bottom 207 
center of the sample well in row 1 without introducing bubbles.  208 
 209 
3.5. Vortex the gel beads for 30 s using a vortex adapter and slowly dispense 40 μL of gel beads 210 
into the bottom center of the gel bead well in row 2 without introducing bubbles.  211 
 212 
NOTE: It is critical to wait for 30 s between adding cells and gel beads to avoid wetting failure.  213 
 214 
3.6. For the partitioning oil well in row 3, dispense 280 μL of partitioning oil through the sidewall 215 
of the well.  216 
 217 
NOTE: Loading less than 270 µL of partitioning oil will lead to abnormal GEM generation.  218 
 219 
3.7. Attach the gasket onto the chip, do not press down on the gasket and keep it horizontal to 220 



   

avoid wetting the gasket.  221 
 222 
3.8. Load the assembled chip with the gasket in the chromium controller and run the chromium 223 
single cell B program (see Table of Materials), immediately proceed to the next step when the 224 
program completes.  225 
 226 
3.9. Take the chip out and discard the gasket. Fold the lid back to expose wells at 45°, check the 227 
liquid level to make sure no clogs are present.  228 
 229 
3.10. Slowly aspirate 100 μL of GEM from the lowest points of the recovery well and check the 230 
uniformity of the GEM. Dispense GEM into a new polymerase chain reaction (PCR) tube on ice 231 
with the pipette tips against the sidewall of the tube. 232 
 233 
NOTE: If excess aqueous layer is observed, it is suggested to re-prepare the samples. Importantly, 234 
take a picture of the mixture when the GEM are still in the pipette tips. This picture can tell if 235 
there is a wetting failure, partially emulsified GEM, and reagent clogs. The photograph can also 236 
be used as evidence to get reimbursement from the reagent company with replacement reagents 237 
and chips. 238 
 239 
3.11. Put the tube in a thermal cycler and perform the reverse transcription procedure (Table 2).  240 
 241 
NOTE: Stop here or proceed to the next step. The PCR product can be stored at −20 °C for up to 242 
a week.  243 
  244 
4. cDNA amplification  245 
 246 
NOTE: This step takes about 150 min. 247 
 248 
4.1. Post single cell reverse transcription cleanup 249 
 250 
4.1.1. Take out the cDNA amplification reagents from GEM kit (see Table of Materials) and keep 251 
them at their indicated temperature.  252 
 253 
4.1.2. Add 125 μL of recovery agent to the sample at room temperature to acquire a biphasic 254 
mixture. No opaque liquid should be observed and avoid pipetting or vortexing the mixture.  255 
 256 
4.1.3. After waiting for 60 s, slowly remove 125 μL of recovery agent from the bottom of the tube.  257 
 258 
4.1.4. Vortex the magnetic beads (see Table of Materials) thoroughly for 30 s and immediately 259 
use it to prepare beads cleanup mixture (Table 1). Reagents should be added sequentially as 260 
listed.  261 
 262 
4.1.5. Vortex the beads cleanup mixture and add 200 μL to the sample. Pipette the mixture 10 263 
times then incubate it for 10 min at room temperature.  264 



   

 265 
4.1.6. Add the reagents sequentially as listed in Table 1 to prepare the elution solution and elute 266 
the cDNA as follows. 267 
 268 
4.1.6.1. Place the samples on the magnet (high position) (see Table of Materials) until the 269 
solution clears, then remove the supernatant. 270 
 271 
4.1.6.2. Add 200 µL of 80% ethanol to the pellet. Wait for 30 s, then remove the ethanol. 272 
 273 
4.1.6.3. Repeat step 4.1.6.2 for another 2 times. Centrifuge briefly and place on the magnet (low 274 
position). Carefully remove the remaining ethanol and air dry for less than 2 min.  275 
 276 
NOTE: DO NOT exceed air drying past 2 min, otherwise the elution efficiency will decrease. 277 
 278 
4.1.6.4. Remove the sample from the magnet. Add 35.5 µL of elution solution and pipette to mix 279 
15 times. Incubate 2 min at room temperature. 280 
 281 
4.1.6.5. Place the sample on the magnet (high position) until the solution clears. Transfer 35 µL 282 
of the sample to a new tube strip. 283 
 284 
NOTE: This purification procedure is also used in steps 4.2.1.6, 4.2.2.3, 5.8, 6.1.10, and 6.2.6. Pay 285 
attention to the concentration of magnetic beads and the volume of EB buffer/ ultrapure water 286 
used to elute the samples at each step. 287 
 288 
4.1.7. Quantify the size, concentration and integrity of eluted cDNA using an automated 289 
electrophoresis instrument21 (see Table of Materials) (Figure 2). 290 
 291 
4.2. Amplification of cDNA  292 
 293 
4.2.1. cDNA amplification using the lipid-based barcoding strategy (optional procedure 1) 294 
 295 
4.2.1.1. Prepare amplification reaction mixture (Table 1) on ice.  296 
 297 
4.2.1.2. Add the amplification reaction mixture to 35 μL of cDNA samples (from step 4.1.6.7). 298 
Pipette the mix, and centrifuge briefly. Incubate the mixture in a thermal cycler following the 299 
cDNA amplification procedure (Table 2).  300 
 301 
4.2.1.3. After vortexing thoroughly, add 120 μL of select reagent and 100 μL of ultrapure water 302 
to 100 μL of sample to acquire a 0.6x concentration of select reagent (see Table of Materials). 303 
Pipette the mixture for 15 times. 304 
 305 
4.2.1.4. Incubate for 5 min at room temperature and then place the sample on magnet until the 306 
solutions become clear. 307 
  308 



   

NOTE: Endogenous cDNA in the beads fraction and multiplexing barcoded cDNA is in the 309 
supernatant.  310 
 311 
4.2.1.5. Transfer the supernatant into a 1.5 mL low bind tube for multiplexing barcoded cDNA 312 
library construction at step 6.1.  313 
 314 
4.2.1.6. Clean the endogenous cDNA by following the steps in 4.1.6 and elute them with 40 μL of 315 
EB buffer. 316 
 317 
4.2.1.7. Run 1 μL of purified cDNA sample on an automated electrophoresis instrument (see 318 
Table of Materials) to analyze/quantify the cDNA. 319 
 320 
4.2.1.8. Aliquot 10 μL of cDNA into a new PCR tube for endogenous library construction.  321 
 322 
NOTE: Stop here or proceed to the next step. The remaining sample can be stored in -20 °C for 323 
up to 4 weeks to generate additional libraries if needed. 324 
 325 
4.2.2. cDNA amplification in the antibody based barcoding strategy (Optional procedure 2) 326 
 327 
4.2.2.1. Add 2 pmol of HTO and ADT additive primer and 15 μL of cDNA primers to 50 μL of 328 
amplification reaction mixture (Table 1) and perform cDNA amplification with the cDNA 329 
amplification procedure (Table 2).  330 
 331 
4.2.2.2. Use 0.6x select reagent to separate endogenous cDNA (beads fraction) and multiplexing 332 
barcode cDNA (in supernatant). Remember to save the supernatant to perform barcoding library 333 
construction in step 6.2. 334 
 335 
4.2.2.3. Purify and elute the endogenous transcript cDNA by following the steps in 4.1.6, perform 336 
quality control (QC) of the libraries and aliquot 10 μL into a new PCR tube for endogenous library 337 
construction. 338 
 339 
5. Endogenous transcript library preparation  340 
 341 
NOTE: This step takes about 120 min. 342 
 343 
5.1. Keep gene expression library construction reagents from the library kit (see Table of 344 
Materials) at their indicated temperature, respectively.  345 
 346 
5.2. Prepare the fragmentation mixture (Table 1) on ice, pipette to mix and centrifuge briefly.  347 
 348 
5.3. Add 25 μL EB buffer to the 10 μL purified cDNA sample (from step 4.2.1.8 or 4.2.2.3) and 349 
then add the newly prepared 15 μL fragmentation mixture to the sample, pipette the mixture 15 350 
times on ice and centrifuge briefly.  351 
 352 



   

5.4. Transfer the sample into a pre-cooled thermal cycler and initiate the PCR program for 353 
fragmentation, end repair and A-tailing (Table 2).  354 
 355 
5.5. Vortex the select reagent to suspend magnetic beads and successively use 0.6x and 0.8x 356 
select reagents to make a double-sided size selection according to the user guide17,22. Use 50 μL 357 
of EB buffer to elute the DNA.  358 
 359 
5.6. Prepare adaptor ligation mixture (Table 1), then pipette the mixture thoroughly and 360 
centrifuge briefly. 361 
 362 
5.7. Add 50 μL of adaptor ligation mixture to 50 μL of sample, pipette mix again for 15 times and 363 
centrifuge briefly. Perform the adaptor ligation as per the protocol in a thermal cycler (Table 2).  364 
 365 
5.8. Use 0.8x select reagent to purify the ligation product and elute the purified sample with 30 366 
μL of EB buffer (see step 4.1.6). 367 
 368 
5.9. Prepare the sample index PCR mixture (Table 1) and add 60 μL to the purified sample. Add 369 
10 μL of sample index to the sample, pipette mix up and down for 5 times and centrifuge briefly, 370 
incubate in a thermal cycler following the sample index protocol (Table 2). 371 
 372 
NOTE: Stop here or proceed to the next step. If more than one well is used, choose one specific 373 
sample index (see Table of Materials) for each well. Remember to record the index ID used for 374 
each well and ensure no overlap in a multiplexed sequencing run.  375 
 376 
5.10. Successively use 0.6x and 0.8x select reagents to make a double-sided size selection to 377 
acquire 35 μL of purified endogenous cellular library DNA17.  378 
 379 
5.11. QC the endogenous cellular library before sequencing (Figure 2). 380 
 381 
6. Preparation of multiplexing sample barcode cDNA libraries 382 
 383 
NOTE: This step takes at least 120 min. 384 
 385 
6.1. Sample barcode library generation for the lipid based multiplexing strategy (optional 386 
procedure 1) 387 
 388 
6.1.1. Add 520 μL of select reagent and 360 μL of isopropanol to sample barcode cDNA from step 389 
4.2.1.5 to get a 3.2x select reagent concentration. Pipette the mixture 10 times and incubate at 390 
room temperature for 5 min.  391 
 392 
6.1.2. Place the tube on a magnetic rack and wait for the solution to clear. Then discard 393 
supernatant.  394 
 395 



   

6.1.3. Use 500 µL of 80% ethanol to wash beads twice on a magnet and wait for 30 s after each 396 
wash.  397 
 398 
6.1.4. Briefly centrifuge the beads and place on a magnet. Remove the remaining ethanol with a 399 
P10 micropipette and leave beads for 2 min. 400 
 401 
6.1.5. Remove the tube from the magnet rack and resuspend beads in 50 µL of EB buffer. Pipet 402 
up and down to mix thoroughly. Incubate at room temperature for 2 min. 403 
 404 
6.1.6. Return the tube to a magnet and wait for the solution to clear. Transfer the supernatant 405 
(sample barcode cDNA) to a new PCR tube. Be careful not to transfer any beads. 406 
 407 
6.1.7. Quantify the concentration of sample barcode cDNA23.  408 
 409 
6.1.8. Prepare lipid barcode library mixture (Table 1), add 3.5 ng of purified barcoded cDNA (from 410 
step 6.1.6) and nuclease-free water for a total volume of 50 μl.  411 
 412 
6.1.9. Keep it in a thermal cycler following the lipid-based barcode library PCR (Table 2).  413 
 414 
6.1.10. Use 1.6x select reagent to purify the PCR product and elute the DNA with 25 μL of EB 415 
buffer (see step 4.1.6).  416 
 417 
6.1.11. Quantify the library concentration using a high sensitivity DNA analysis method24 from 418 
the initial dilution of 1:5 (Figure 2).  419 
 420 
6.2. Sample barcode library generation for the antibody based multiplexing strategy (optional 421 
procedure 2) 422 
 423 
6.2.1. Add additional 1.4x reaction volume of select reagent to the supernatant containing 424 
sample barcodes acquired from step 4.2.2.3 to get a 2x select reagent ratio.  425 
 426 
6.2.2. Wash the beads with 80% ethanol by following the steps in 4.1.6 and elute the barcoded 427 
cDNA with ultrapure water.  428 
 429 
6.2.3. Perform the selection protocol with 2x select reagent for a second time and elute using 430 
ultrapure water.  431 
 432 
6.2.4. Prepare antibody barcode library mixture (Table 1), and add 45 μL of purified barcoded 433 
cDNA from the last step. 434 
 435 
6.2.5. Incubate in a thermal cycler following the antibody barcode library PCR (Table 2)20. 436 
 437 
6.2.6. Use 1.6x select reagent to purify the PCR product and elute the purified sample with 30 μL 438 
of ultrapure water (see step 4.1.6).  439 



   

 440 
7. Library sequencing  441 
 442 
NOTE: Multiple next generation sequencing platforms such as HiSeq 4000 and NovaSeq can be 443 
used to sequence the endogenous transcript libraries and multiplexing barcode libraries.  444 
 445 
7.1. Use a next generation sequencing platform of choice to sequence the endogenous transcript 446 
libraries and multiplexing barcode libraries. 447 
 448 
7.2. Dilute the libraries according to the recommendations from an expert at a sequencing 449 
company or sequencing facility. Minimum 20,000 reads per cell is recommended for the 450 
endogenous transcript library and 3000 reads for the barcode libraries.  451 
 452 
8. Data analysis 453 
 454 
NOTE: De-multiplex the sequencing data using the cloud-based resource BaseSpace or by running 455 
the bcl2fastq package on a UNIX server.  456 
 457 
8.1. Endogenous transcriptome data analysis 458 
 459 
8.1.1. With the fastq data generated from demultiplexing software, run “mkfastq” on the 460 
commercially available data analysis pipeline (see Table of Materials) to further demultiplex each 461 
GEM barcode. 462 
 463 
8.1.2. Run “count” to perform the alignment, filtering, barcode counting, and UMI counting.  464 
 465 
8.1.3. Optionally, run “aggr” to aggregate multiple sequencing lanes from a single experiment. 466 
 467 
8.1.4. Use “cell browser” (see Table of Materials) to visualize data, cluster cells, identify 468 
differentially expressed genes, and generate tSNE or gene expression heatmap plots.  469 
 470 
8.1.5. Optionally, use a well-maintained R-based platform25 (see Table of Materials) to normalize 471 
and scale data, identify differentially expressed genes, and generate tSNE/UMAP plots and gene 472 
expression heatmaps (Figure 3).  473 
 474 
8.2. Multiplexing barcode data analysis: 475 
 476 
8.2.1. Analysis of the data from lipid based barcoding strategy 477 
 478 
8.2.1.1. Use the commercially available data analysis pipeline or deMULTIplex R package 479 
(https://github.com/chris-mcginnis-ucsf/MULTI-seq) to convert the sample barcode FASTQ files 480 
into a sample barcode UMI count matrix.  481 
 482 
8.2.1.2. Load the barcode UMI count matrix together with endogenous transcriptome data to an 483 



   

R-based platform (see Table of Materials) for integration analysis (Figure 3).  484 
 485 
8.2.2. Analysis of the data from antibody-based barcoding strategy  486 
 487 
8.2.2.1. Use “count” from the commercially available data analysis pipeline to map the barcodes 488 
by providing the library CSV file and hashtag feature reference CSV file.  489 
 490 
8.2.2.2. Load the output unified feature-barcode matrix, which contains gene expression counts 491 
alongside feature barcode counts for each cell barcode, to an R-based platform for downstream 492 
analysis.  493 
 494 
REPRESENTATIVE RESULTS:  495 
In this study, we used mouse embryonic heart as an example to exhibit how multiplexed single 496 
cell mRNA sequencing was performed to process the different samples from separate parts of an 497 
organ simultaneously. E18.5 CD1 mouse hearts were isolated and dissected into left atrium (LA), 498 
right atrium (RA), left ventricle (LV) and right ventricle (RV). The atrial and ventricular cells were 499 
then barcoded independently using a lipid-based barcoding procedure and mixed together 500 
before GEM generation and reverse-transcription. The schematic overview is shown in Figure 1. 501 
We quantified the cDNA concentration before library construction (Figure 2A). One of the 502 
distinctions in performing multiplexed scRNA-Seq from the standard scRNA-Seq is that the 503 
endogenous cDNA library and the sample barcode DNA library were acquired separately after 504 
cDNA amplification and purification (Step 4.2.1 and 4.2.2.2). The two libraries were also qualified 505 
in our experiment (Figure 2B,C). Next generation sequencing and data analysis were performed 506 
followed by library construction and QC.  507 
 508 
We used HiSeqX platform to sequence both libraries in the same sequencing lane. With the 509 
sequencing data, we first separated the endogenous transcript data and barcode data using the 510 
BaseSpace program. Then we analyzed barcode expression in each single cell and found 8 groups 511 
of single cells that uniquely express one type of barcode, representing cells from 8 different 512 
samples (Figure 3A). In addition, we also found that some cells do not express any barcode, which 513 
we defined as negative cells, and some cells express two different barcodes, which represent 514 
doublets (Figure 3B). In summary, we found that around 70% of cells are singlets, 25% of cells 515 
are negative and 5% of the cells are doublets.  516 
 517 
With the singlet cells, we can perform further downstream analyses to understand the cellular 518 
heterogeneity and molecular regulations. The potential analyses can be cell type annotation 519 
(Figure 4A), novel/rare cell type identification (Figure 4B), anatomical zone comparative analysis 520 
(Figure 4C), and gene ontology pathway analysis such as cell cycle phase separations (Figure 4D).  521 
 522 
FIGURE AND TABLE LEGENDS: 523 
 524 
Figure 1: Multiplexed single cell mRNA sequencing workflow. Embryonic day 18.5 stage hearts 525 
were analyzed using a multiplexed droplet-based single cell sequencing procedure. RT = reverse 526 
transcription.  527 



   

 528 
Figure 2: Representative QC results at different steps. (A) QC analysis of cDNA from step 4.1.7. 529 
The target fragment size is 200 to 9000 bp. (B) Endogenous library and (C) barcode library were 530 
analyzed with an automated electrophoresis instrument. The target fragment size for the 531 
endogenous library is 300–600 bp, and the barcode library DNA size is around 172 bp.  532 
 533 
Figure 3: Demultiplexing the sequencing data from the lipid based barcoding strategy. (A) 534 
Unsupervised analysis of the barcode expression. X-axis represents single cells, and y-axis 535 
represents barcodes. Each of the 8 single cell populations were identified to uniquely express one 536 
of the 8 barcodes. Note some cells express more than one barcode, and some cells do not express 537 
any barcodes. (B) t-SNE plot of the singlet cells, doublet cells, and negative cells.  538 
 539 
Figure 4: Advanced analysis of single cell transcriptional data. (A–D) Single cell data can be 540 
analyzed in different ways to understand the cellular heterogeneity and molecular pathways. We 541 
have listed several applications here as examples. Single cells were loaded into an R package to 542 
identify cell types (A), rare cell populations (B), cell anatomical zones (C), and cell cycle phases 543 
(D).  544 
 545 
Table 1: The reagent mixtures used in the protocol. 546 
 547 
Table 2: The incubating procedure used in the protocol. (1) Pay attention to the different lid 548 
temperature used in every Procedure. (2) Set total cycle numbers according to the cell load: 13 549 
cycles for <500 cell load; 12 cycles for 500–6,000 cell load; 11 cycles for >6,000 cell load. (3) Set 550 
total cycle numbers according to the cDNA input: 14–16 cycles for 1–25 ng cDNA; 12-14 cycles 551 
for 25–150 ng cDNA; 10–12 cycles for 150–500 ng cDNA; 8–10 cycles for 500–1,000 ng cDNA; 6–552 
8 cycles for 1000–1500 ng cDNA. (4) Set total cycle numbers according to the cDNA input: 8–553 
12cycles. (5) Set total cycle numbers according to the cDNA input: 6–10 cycles. 554 
 555 
Table 3: Oligonucleotide sequences used in this protocol. N: Barcode or index sequence; *: 556 
Phosphorothioate bond 557 
 558 
DISCUSSION:  559 
In this study, we have demonstrated a protocol to analyze single cell transcriptional profiles. We 560 
have also provided two optional methods to multiplex samples in the scRNA-Seq workflow. Both 561 
methods have proved to be feasible at various labs and provided solutions to run a cost-effective 562 
and batch effect-free single cell experiment18,26. 563 
 564 
There are a few steps that should be followed carefully when going through the protocol. An 565 
ideal single cell suspension should have >90% of viable cells and the cell density should also be 566 
within a specific range27. It is critical to obtain a good quality of cells to minimize the presence of 567 
cellular aggregates, debris, and fibers. Cellular aggregates have negative impact on sample 568 
multiplexing and have a potential risk to clog the droplet generating machine17. Generally 569 
speaking, a 30–40 µm cell strainer is ideal for removing large clumps and debris while preserving 570 
the cell samples because most cells will shrink below 30 µm after dissociation. Single cell nuclei 571 



   

are recommend to use instead if the cell diameter is larger than 30 µm. At early embryonic stages, 572 
the cell size for all types of mouse cells should be smaller than 30 µm. However, at later stages, 573 
the cardiomyocytes in the heart, neurons in the brain, muscle cells in limbs, and some fat cells 574 
may have a cell size larger than 30 µm. Cell size should be measured for these types of cells before 575 
starting the single cell experiments.  576 
 577 
The multiplexing strategies provide a way to simultaneously analyze a large number of samples 578 
in a cost-effective way. In addition, by profiling multiple samples together, we can significantly 579 
avoid the batch effects and identify cell doublets. These advantages will be very attractive to the 580 
single cell field. However, there are some factors that may limit their usage. As more cells are 581 
multiplexed in a single experiment, the cell doublet ratio will also increase. Although those 582 
doublets can be identified and removed by analyzing the multiplexing barcode data, it will lead 583 
to a large waste of sequencing reads. In addition, as more cells are pooled together, the cells are 584 
easier to break and cause an increase of the ambient mRNA, which will be captured into the 585 
droplets with cells and interfere with the detection sensitivity. We are expecting that a further 586 
optimization of the experimental workflow or bioinformatics pipeline analysis will resolve these 587 
two issues in the near future. 588 
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Mixture Name

Collagenase mixture

2 μM Anchor/Barcode stock solution

2 μM Co-Anchor stock solution

Staining buffer

Master Mixture

Beads Cleanup Mixture

Amplification Reaction Mixture

Elution Solution 

Fragmentation Mixture

Adaptor Ligation mixture

Sample Index PCR Mixture

Lipid barcode library mixture

Antibody barcode library mixture
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Composition

10 mg/mL collagenase A and 10 mg/mL collagenase B,

dissolved in HBSS++ with 40% FBS.

Mix 50 μM anchor and 10 μM barcode strand in 1:1 molar

ratio in PBS (without FBS or BSA) for a total volume of 25 μL.

Dilute 1 μL 50 μM Co-Anchor with 24 μL PBS (without FBS or

BSA).

PBS containing 2% BSA, 0.01% Tween 20

20 μL RT Reagent, 3.1 μL Oligo, 2 μL Reducing Agent B, 8.3 μL

RT Enzyme C.

182 μL Cleanup Buffer, 8 μL Selection Reagent, 5 μL Reducing

Agent B, 5 μL Nuclease-free Water.

1 μL of 10 μM Lipid-tagged additive primer, 15 μL cDNA

primer, 50 μL Amp Mix

98 μL Buffer EB, 1 μL 10% Tween 20, 1 μL Reducing Agent B.

5 μL Fragmentation Buffer, 10 μL Fragmentation Enzyme.

20 μL Ligation Buffer, 10 μL DNA Ligase, 20 μL Adaptor Oligos.

50 μL Amp Mix, 10 μL SI Primer

26.25 μL of 2× Hot Start master mix, 2.5 μL of 10 μM RPIX

primer, 2.5 μL of 10 μM TruSeq Universal Adapter primer (see

table of materials)

50 μL of 2× Hot Start master mix, 2.5 μL of 10 μM RPIX

primer, 2.5 μL of 10 μM P5-smart-pcr hybrid oligo



Incubating Procedure Temperature (1) Time

GEM-RT Incubation

Step 1 53 °C 45 min

Step 2 85 °C 5 min

Step 3 4 °C Hold

10x Genomics cDNA Amplification

Step 1 98 °C 3 min

Step 2 98 °C 15 s 

Step 3 63 °C 20 s 

Step 4 72 °C 1 min

Step 5

Step 6 72 °C 1 min

Step 7 4 °C Hold

Library construction

Pre-cool block 4 °C Hold

Fragmentation 32 °C 5 min

End Repair and A-tailing 65 °C 30 min

Hold 4 °C Hold

Adaptor ligation

Step 1 20 °C 15 min

Step 2 4 °C Hold

Sample index PCR

Step 1 98 °C 45 s 

Step 2 98 °C 20 s 

Step 3 54 °C 30 s 

Step 4 72 °C 20 s 

Step 5

Step 6 72 °C 1 min

Step 7 4 °C Hold

Lipid barcode library PCR

Step 1 95 °C 5 min

Step 2 98 °C 15 s 

Step 3 60 °C 30 s 

Step 4 72 °C 30 s 

Step 5

Step 6 72 °C 1 min

Step 7 4 °C Hold

Antibody barcode library PCR

Step 1 95 °C 3 min

Step 2 95 °C 20 s 

Step 3 60 °C 30 s 

Step 4 72 °C 20 s 

Repeat steps 2 to 4 for 12 cycles in total (3)

Repeat steps 2 to 4 for 10 cycles in total (4)

Lid Temperature 53 °C

Lid Temperature 105 °C

Repeat steps 2 to 4 for 12 cycles in total (2)

Lid Temperature 65 °C

Lid Temperature 30 °C

Lid Temperature 105 °C

Table Click here to access/download;Table;Table 2.xlsx
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Step 5

Step 6 72 °C 5 min

Step 7 4 °C Hold

(1)   Pay attention to the different lid temperature

used in every Procedure.

(2)   Set total cycle numbers according to the cell

load: 13 cycles for <500 cell load; 12 cycles for

500-6,000 cell load; 11 cycles for >6,000 cell load.

(3)   Set total cycle numbers according to the

cDNA input: 14-16 cycles for 1-25 ng cDNA; 12-14

cycles for 25-150 ng cDNA; 10-12 cycles for 150-

500 ng cDNA; 8-10 cycles for 500-1000 ng cDNA;

6-8 cycles for 1000-1500 ng cDNA.

(4)   Set total cycle numbers according to the

cDNA input: 8-12 cycles. 
(5)   Set total cycle numbers according to the

cDNA input: 6-10 cycles.

Repeat steps2 to 4 for 8 cycles in total (5)



Anchor LMO

Co-Anchor LMO

Barcode Oligo

Lipid barcoding Additive Primer

HTO additive Primer

ADT additive Primer

N: Barcode or index sequence; *: Phosphorothioate bond

P5-smart-pcr hybrid oligo

Lipid based barcoding Oligonucleotides

RPIX Primer

Universal Adapter Primer

Antibody based barcoding Oligonucleotides

Antibody barcoding oligo
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5’-TGGAATTCTCGGGTGCCAAGGGTAACGATCCAGCTGTCACT-Lipid-3’

5’-Lipid-AGTGACAGCTGGATCGTTAC-3’

5’-CCTTGGCACCCGAGAATTCCANNNNNNNNA30-3’

5’-CTTGGCACCCGAGAATTCC-3’

5’-CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCC

TTGGCACCCGAGAATTCCA-3’

5’-AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC

GCTCTTCCGATCT-3’

5’-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNN

NNBAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA*A*A-3’

5’-GTGACTGGAGTTCAGACGTGTGCTC-3’

5’-CCTTGGCACCCGAGAATTCC-3’

5’-AATGATACGGCGACCACCGAGATCTACACGCCTGTCCGCGGAAGC

AGTGGTATCAACGCAGAGT*A*C-3’

Lipid based barcoding Oligonucleotides

Antibody based barcoding Oligonucleotides



Name of Material/Equipment Company

10% Tween-20 Bio-Rad 

10x Chip Holder 10x Genomics

10x Chromium Controller 10x Genomics

10x Magnetic Separator 10x Genomics

10x Vortex Adapter 10x Genomics

10x Vortex Clip 10x Genomics

4200 TapeStation System Agilent

Agilent High Sensitivity DNA Kit Agilent

Barcode Oligo Integrated DNA Technologies

Buffer EB Qiagen 

CD1 mice Chales River

Centrifuge 5424R Appendorf

Chromium Chip B Single Cell Kit, 48 rxns 10x Genomics

Chromium i7 Multiplex Kit, 96 rxns 10x Genomics

Chromium Single Cell 3ʹ GEM Kit v3,4 rxns 10x Genomics

Chromium Single Cell 3ʹ Library Kit v3 10x Genomics

Chromium Single cell 3’ v3 Gel Beads 10x Genomics

Collagenase A Sigma/Millipore

Collagenase B Sigma/Millipore

D1000 ScreenTape Agilent

DNA LoBind Tube Microcentrifuge Tube, 1.5 mL Eppendorf 

DNA LoBind Tube Microcentrifuge Tube, 2.0 mL Eppendorf 

Dynabeads MyOne SILANE 10x Genomics

DynaMag-2 Magnet Theromo Scientific

Ethanol, Pure (200 Proof, anhydrous) Sigma

Falcon 15mL High Clarity PP Centrifuge Tube Corning Cellgro 

Falcon 50mL High Clarity PP Centrifuge Tube Corning Cellgro 

Fetal Bovine Serum, qualified, United States Fisher Scientific

Finnpipette F1 Multichannel Pipettes, 10-100μl Theromo Scientific

Finnpipette F1 Multichannel Pipettes, 1-10μl Theromo Scientific

Flowmi Cell Strainer Sigma

Glycerin (Glycerol), 50% (v/v) Ricca Chemical Company

HBSS, no calcium, no magnesium Thermo Fisher Scientific

Human TruStain FcX (Fc Receptor Blocking Solution) BioLegend

Isopropanol (IPA) Fisher Scientific

Kapa HiFi HotStart ReadyMix (2X) Fisher Scientific

Lipid Barcode Primer (Multi-seq Primer) Integrated DNA Technologies

Low TE Buffer (10 mM Tris-HCl pH 8.0, 0.1 mM EDTA) Thermo Fisher Scientific

MasterCycler Pro Eppendorf 
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Nuclease-Free Water (Ambion) Thermo Fisher Scientific

PCR Tubes 0.2 ml 8-tube strips Eppendorf

Phosphate-Buffered Saline (PBS) 1X without calcium & magnesium Corning Cellgro 

Phosphate-Buffered Saline (PBS) with 10% Bovine Albumin (alternative to Thermo Fisher product) Sigma-Aldrich 

Pipet 4-pack (0.1–2.5μL, 0.5-10μL, 10–100μL, 100–1,000μL variable-volume pipettes Fisher Scientific

Selection reagent (SPRIselect Reagent Kit) Beckman Coulter 

Template Switch Oligo 10x Genomics

The antibody based barcoding strategy is also known as Cell Hashing
The cell browser is Loup Cell Browser 10x Genomics

The commercial available analysis pipline in step 8.1 is Cell Ranger 10x Genomics

The lipid based barcoding strategy is also known as MULTI-seq
The well maintained R platform is Seurat V3 satijalab

TipOne RPT 0.1-10/20 ul XL ultra low retention filter pipet tip USA Scientific

TipOne RPT 1000 ul XL ultra low retention filter pipet tip USA Scientific

TipOne RPT 200 ul ultra low retention filter pipet tip USA Scientific

TotalSeq-A0301 anti-mouse Hashtag 1 Antibody BioLegend

TotalSeq-A0302 anti-mouse Hashtag 2 Antibody BioLegend

TotalSeq-A0302 anti-mouse Hashtag 3 Antibody BioLegend

TrueSeq RPI primer Integrated DNA Technologies

Trypan Blue Solution, 0.4% Fisher Scientific

Trypsin-EDTA (0.25%), phenol red Fisher Scientific

Universal I5 Integrated DNA Technologies



Catalog Number Comments/Description

1610781

120252 330019

120223

120250 230003

330002, 120251

120253 230002

G2991AA

5067-4626 University of Pittsburgh Health Sciences Sequencing Core

Single-stranded DNA 25 nmol

19086

Strain Code 022 ordered pregnant mice

2231000214

1000073 Store at ambient temperature

120262 Store at −20°C

1000094 Store at −20°C

1000095 Store at −20°C

2000059 Store at −80°C

10103578001 Store powder at 4°C, store at -20°C after it dissolves

11088807001 Store powder at 4°C, store at -20°C after it dissolves

5067-5582 University of Pittsburgh Health Sciences Sequencing Core

022431021

022431048

2000048 Store at 4°C, used in Beads Cleanup Mix (Table 1)

12321D

E7023-500mL

14-959-70C

14-959-49A

26140079 Store at −20°C

 4661020N

4661000N

BAH136800040 Porosity 40 μm, for 1000 uL Pipette Tips, pack of 50 each

3290-32

14170112

422301 Add 5 µl of Human TruStain FcX per million cells in 100 µl staining volume

A464-4

NC0295239 Store at -20°C, used in Lipid-tagged barcode library mix (Table 1)

Single-stranded DNA 100 nmol

12090-015

950W



AM9937 

951010022

21-040-CV 

SRE0036 

05-403-151

B23318 (60ml)

3000228 Store at −20°C, used in Master Mix (Table 1)

https://support.10xgenomics.com/single-cell-gene-expression/software/visualization/latest/what-is-loupe-cell-browser
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger

https://satijalab.org/seurat/
1180-3710

1182-1730

1180-8710

155801 0.1 - 1.0 µg of antibody in 100 µl of staining buffer for every 1 million cells

155803 0.1 - 1.0 µg of antibody in 100 µl of staining buffer for every 1 million cells

155805 0.1 - 1.0 µg of antibody in 100 µl of staining buffer for every 1 million cells

Single-stranded DNA 100 nmol, used in Lipid-tagged barcode library mix (Table 1)

15250061

25200-056

Single-stranded DNA 100 nmol





https://support.10xgenomics.com/single-cell-gene-expression/software/visualization/latest/what-is-loupe-cell-browser



Point-by-Point Responses to Reviewer Comments 

We sincerely thank the editor and reviewers for their helpful comments and suggestions to our 
previously submitted manuscript. Here, we respond to the editorial and reviewer comments 
with revisions. As displayed below, editorial and reviewer comments are presented in black 
followed by detailed replies to each comment in blue. We also tracked the major changes in the 
manuscript. For the paragraphs that we have changed significantly, we have labeled them with 
a pair of red round brackets. For the sentences that we have improved, we have underlined and 
italicized them. 

We believe our revisions to the manuscript have significantly improved the paper. We hope 
these improvements will be favorably considered for publication in JoVE. 

Editorial Comments 

Please take this opportunity to thoroughly proofread the manuscript to ensure that there are 
no spelling or grammatical errors. 

Response:  We thank the editor for the suggestion. We have went through the manuscript and 
ensured that there are no spelling or grammatical errors. 

Protocol Detail: 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 add more specific 

details (e.g. button clicks for software actions, numerical values for settings, etc) to your 

protocol steps. There should be enough detail in each step to supplement the actions seen in 

the video so that viewers can easily replicate the protocol. Examples: 

1) 1.1., 1.2: Please mention all details of the surgical steps including how sterility is maintained, 

tools used, incision etc.  

2) 1.3: How is the dissection performed?  

Response: We apologies for not including enough details in some protocol steps. We have went 

through the whole protocol and included as many details as we can in each step. For example, 

we have included more details on the mouse dissection at step 1 (line 100-101, 108-109, 113-

114) and sequencing data analysis at step 5.11 and 6.1.7 (line 365, 391).  

Protocol Numbering: Please adjust the numbering of your protocol section to follow JoVE’s 

instructions for authors, 1. should be followed by 1.1. and then 1.1.1. if necessary and all steps 

should be lined up at the left margin with no indentations.  

Response: We thank the editor for the suggestion. We have adjusted the numbering and 

format accordingly.  

Protocol Highlight: After you have made all of the recommended changes to your protocol 

(listed above), please re-evaluate the length of your protocol section. There is a 10-page limit 

for the protocol text, and a 3- page limit for filmable content. If your protocol is longer than 3 

pages, please highlight ~2.5 pages or less of text (which includes headings and spaces) in 

yellow, to identify which steps should be visualized to tell the most cohesive story of your 

Click here to access/download;Rebuttal Letter;Rebuttal letter-
3.pdf
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protocol steps. 

1) The highlighting must include all relevant details that are required to perform the step. For 

example, if step 2.5 is highlighted for filming and the details of how to perform the step are 

given in steps 2.5.1 and 2.5.2, then the sub-steps where the details are provided must be 

included in the highlighting. 

2) The highlighted steps should form a cohesive narrative, that is, there must be a logical flow 

from one highlighted step to the next. 

3) Please highlight complete sentences (not parts of sentences). Include sub-headings and 

spaces when calculating the final highlighted length.  

Response: We thank the editor for the suggestions. We have highlighted about 2.5 pages for 

filmable content and made sure the highlighting include all relevant details and form a cohesive 

narrative.  

Discussion: JoVE articles are focused on the methods and the protocol, thus the discussion 

should be similarly focused. Please ensure that the discussion covers the following in detail and 

in paragraph form (3-6 paragraphs): 1) modifications and troubleshooting, 2) limitations of the 

technique, 3) significance with respect to existing methods, 4) future applications and 5) critical 

steps within the protocol. 

Response: We thank the editor for the critical comment. We have revised our discussion part to 

focus on the listed points (Line 547-570).  

Figures 

1) Fig 2: Axis ticks are too small to read. 

Response: Thanks. We have updated it.  

Commercial Language: JoVE is unable to publish manuscripts containing commercial sounding 

language, including trademark or registered trademark symbols (TM/R) and the mention of 

company brand names before an instrument or reagent. Examples of commercial sounding 

language in your manuscript are 10x Genomics Inc., Drop-seq, InDrop, MULTI-seq and Cell 

Hashing, falcon, Flowmi Cell Strainers, SD100 Cell Counting Chamber, Template Switch Oligo, 

NexcelomCellometer Auto 2000, TruStain FcX™ PLUS (FcX, BioLegend), Chromium Single cell 3’ 

v3, Chromium Chip B, Dynabeads MyOne SILANE, Dynabeads, Agilent, Agilent TapeStation, 

SPRIselect, TruSeq RPIX , KAPA HiFi HotStart, CellRanger, Seurat V2 or V3, Co-Anchoretc. 

1) Please use MS Word’s find function (Ctrl+F), to locate and replace all commercial sounding 

language in your manuscript with generic names that are not company-specific. All commercial 

products should be sufficiently referenced in the table of materials/reagents. You may use the 

generic term followed by “(see table of materials)” to draw the readers’ attention to specific 

commercial names. 

2) Please remove the registered trademark symbols TM/R from the table of reagents/materials. 

3) Please check Table 1 as well.   



Response: We thank the editor for the comments and suggestions. We have replaced all the 

commercial sounding names with generic names and removed the registered trademark 

symbols. However, for the term multi-seq, cell hashing, seurat v3, and co-anchor, we don’t 

think they are commercial names. Although we have updated these names as generic names, 

we think it will be better to keep these names as they were to avoid confusing the readers. 

Please let us know if the editor agrees about that. If so, we can change those names back to 

their original name. If not, we can use these names as they currently are.     

Table of Materials: Please revise the table of the essential supplies, reagents, and equipment. 

The table should include the name, company, and catalog number of all relevant 

materials/software in separate columns in an xls/xlsx file. Please include items such as 

anitbodies with concentrations and RRIDs, 

Response: We thank the editor for the comment. We have updated the table with detailed 

name/company/catalog number information and included a concentration/RRID information 

for the antibodies. In addition, the table has been saved as “table of materials”. 

If your figures and tables are original and not published previously or you have already obtained 

figure permissions, please ignore this comment. If you are re-using figures from a previous 

publication, you must obtain explicit permission to re-use the figure from the previous 

publisher (this can be in the form of a letter from an editor or a link to the editorial policies that 

allows you to re-publish the figure). Please upload the text of the re-print permission (may be 

copied and pasted from an email/website) as a Word document to the Editorial Manager site in 

the "Supplemental files (as requested by JoVE)" section. Please also cite the figure 

appropriately in the figure legend, i.e. "This figure has been modified from [citation]." 

Response: We thank the editor for the important comments. Considering part of the figure 1A 

and figure 4 (Figure 4A, 4B, 4C, 4D) in our previous submission were derived from one of our 

published paper, we have updated all of them with unpublished figures. We have also updated 

the texts by removing the citations.   

Comments from Peer-Reviewers 

Reviewers' comments: 

Reviewer #1: 

 

Manuscript Summary: 

Here, Feng et al present a protocol for performing 10x scRNA-seq on embryonic heart. The 

protocol is well described, the heart dissociation protocol can be useful for scientist working 

with this model. Rest of the protocol is relevant to any scientists using 10x genomics. Although 

as it is, the protocol does not bring anything new compared to what is already available from 

10X and a few references (correctly cited), but it is not a JOVE requirement. It would be helpful 

for the scientific communities if the Multi-seq anchor / barcode synthesis / experimental design 

and limitation (cell type dependence) could be discussed more. 



Response: We thank the reviewer for noting our protocol is well described. We also 

greatly appreciate the reviewer for pointing out the weaknesses of the manuscript. 

Major Concerns: 
- Line 114 (and other places): please report precisely the Flowmi strainers used (size + ref) 

Response: We thank the reviewer for the comment. The cell strainer we used is 40μm. We have 
updated it in the manuscript and table of materials (line 127).   

- MULTI-seq procedure: line 126 
Here the authors only refers to the already published paper. If I am correct, the synthesis of the 
anchor, co-anchor is not trivial and not accessible to everyone. Maybe the authors could 
comment more on how they performed the synthesis? 

Response: We thank the reviewer for the comment. We have added a paragraph to comment 
on the synthesis of anchor and co-anchor (Line 146-148).  

- Line 133 (and 154). The authors do not comment on the number of cells that can be used at 

this step. 

Response: We thank the reviewer for the important comment. We have updated the cell 

number information for both Multi-seq and Cell hashing procedures (line 141,167). 

- Line 142. 1% BSA has been reported to inhibit 10X reaction. So cells have to be diluted. Can 

the authors comment on the maximum final %BSA the cells are just before loading on the 10x 

chip. This might be relevant to scientists working on the same cell / tissue model as presented 

here. 

Response: We thank the reviewer for the comment. Since the cells will need to dilute with 

nuclease-free water to a specific cell concentration before loading into the Chromium, the BSA 

concentration after dilution will range from 0.1%-0.3%, which will depend on the targeted 

recovery cell number. 

In addition, according to the information from 10X Genomics website 

(https://kb.10xgenomics.com/hc/en-us/articles/218170703-What-is-the-highest-BSA-

concentration-that-can-be-used-in-the-cell-buffer-), the BSA concentrations ranging from 0.1-

2% have no adverse effects on the workflow or sequencing data.  

- line 277-278: mentioned step 6.1. But is this not 5.1? 

Response: We thank the reviewer for the comment and apologies for the error. We have 

corrected it in our updated protocol (line 329).  

Minor Concerns: 

- writing ScRNA-seq is unusual (e.g. line 61). scRNA-seq seems more appropriate 

Response: Thanks. We have updated all ScRNA-seq as scRNA-Seq. 



Reviewer #2: 

 

In this manuscript Li and collaborators describe how to perform single cell RNA-seq library 

preparation from individual heart cells from E18.5 embryos using the 10X genomics platform. 

They also describe 2 options for multiplexing multiple samples in the same reaction, thus 

reducing the batch effect and the cost of each experiment. 

Response: We thank the reviewer for summarizing our study.  

Major Concerns: 

The manuscript needs a moderate revision before being ready for publication. While the 

protocol is well described, the authors should better explain the general workflow of the 

protocol at the very beginning (maybe with a clearer figure) and explain the technical 

differences between the 2 options they are describing. They should state at the beginning 

advantages and disadvantages of each of them and help the reader in the decision. 

Response: We thank the reviewer for the great suggestions. We have updated figure 1 by 

including more details to show the workflow differences between Cell hashing and Multi-seq. In 

addition, we have included a few sentences in the introduction to explain the 

advantages/disadvantages of the two methods (Line 77-83).  

They should also indicate clearly how many samples and how many cells they can multiplex in 

the same experiment. As the ultimate goal of multiplexing is the cost reduction (on top of the 

batch effect removal), a sentence about the magnitude of the cost reduction is also needed. 

Response: We thank the reviewer for the important suggestions. We have included a few 

sentences in the introduction to talk about the number of samples/cells that can multiplex in 

the same experiment and a sentence for the magnitude of the cost reduction (line 82-89).  

The whole sentence about FACS in the discussion is misleading/wrong. FACS and 

micromanipulation are not used to isolate single cell, but to isolate "specific" single cells with a 

specific surface molecule pattern or in a specific position. FACS especially is it still is the only 

option available for specific purpose. In the protocol presented there is no possibility to isolate 

specific subpopulations of cells, but only the way to obtain a single cell suspension from 

multiple samples. 

Response: We thank the reviewer for the comment and apologies for the misleading. We have 

removed all the sentences about FACS in the discussion. 

As different people will use different tissues or different embryonic stages, a general sentence 

about the total number of cells required as a starting point is needed. 

Response: We thank the reviewer for the suggestion. We have added a sentence to talk about 

the total number of cells required as a starting point (line 113-114).   

Minor Concerns: 



The manuscript would benefit from a revision from a native English speaker. Some sentences 

are truncated (line 63) and some words are wrong (unbiased/unbiasedly) 

Response: We thank the reviewer for the suggestion and apologies for the truncating sentences 

and grammar errors. The revised manuscript has been carefully read through by a native 

English speaker. 

The word “recently” in the abstract must be explained, as everything is very recent in this field. 

Response: Thanks. We have replaced the “recently” with “in the last two to three years”.   

The sentence “significant cell variation” must be explained (line 44), what does significant 

mean? 

Response: We thank the reviewer for the comment and apologies for the confusion. We have 

updated the sentence as “The transcriptional profile of each single cell varies among cell 

populations during embryonic development” (line 43). 

The words DNA or cDNA must be used appropriately. 

Response: Thanks. We have went through the manuscript to make sure the two words were 

used appropriately. 

Some abbreviations need to be spelled out (EP tubes?). 

Response: We thank the reviewer for the suggestion. We have updated the protocol by 

replacing some abbreviations including EP tubes with their full names.  

A sentence describing the need of both a pre- and a post-amplification areas in the lab is 

needed. 

Response: Thanks. We have added two sentences to emphasize this point in the protocol (line 

135-137).  

I think that if the authors would add a sentence about how long each main step takes and if 

there is any safe stopping point, the reader will have a better grip on the protocol. 

Response: We thank the reviewer for the important suggestion. We have added an estimated 

time for each main step and marked that step if it is safe to stop.   
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Title of Article:  
 
Author(s):  
 
 
Item 1: The Author elects to have the Materials be made available (as described at 
http://www.jove.com/publish) via: 

 Standard Access   Open Access
 
Item 2: Please select one of the following items: 

 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 MyJove 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. 
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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Multiplexed single cell mRNA sequencing analysis of mouse embryonic cells
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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 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. Protection of the Work. The Author(s) authorize 
JoVE to take steps in the Author(s) name and on their behalf 
if JoVE believes some third party could be infringing or 
might infringe the copyright of either the Author’s Article 
and/or Video. 
9. 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. 
10. 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. 
11. 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 
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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 
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.  
12. 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 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. 
13. Fees. To cover the cost incurred for publication, 
JoVE must receive payment before production and 
publication of 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. 
14. 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 is required per submission. 
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