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SUMMARY:
Here we presented a multiplexed single cell mRNA sequencing method to profile gene expression in mouse embryonic tissues. The droplet-based single cell mRNA sequencing (scRNA-Seq) method in combination with multiplexing strategies can profile single cells from multiple samples simultaneously, which significantly reduces reagent costs and minimizes experimental batch effects. 

ABSTRACT: 
Single cell mRNA sequencing has made significant progress in the last several years and has become an important tool in the field of developmental biology. It has been successfully used to identify rare cell populations, discover novel marker genes, and decode spatial and temporal developmental information. The single cell method has also evolved from the microfluidic based Fluidigm C1 technology to the droplet-based solutions in the last two to three years. Here we used the heart as an example to demonstrate how to profile the mouse embryonic tissue cells using the droplet based scRNA-Seq method. In addition, we have integrated two strategies into the workflow to profile multiple samples in a single experiment. Using one of the integrated methods, we have simultaneously profiled more than 9,000 cells from eight heart samples. These methods will be valuable to the developmental biology field by providing a cost-effective way to simultaneously profile single cells from different genetic backgrounds, developmental stages, or anatomical locations. 

INTRODUCTION:
The transcriptional profile of each single cell varies among cell populations during embryonic development. Although single molecular in situ hybridization can be used to visualize the expression of a small number of genes1, single cell mRNA sequencing (scRNA-Seq) provides an unbiased approach to illustrate genome-wide expression patterns of genes in single cells. After it was first published in 20092, scRNA-Seq has been applied to study multiple tissues at multiple developmental stages in the recent years3-5. Also, as the human cell atlas has launched its developmental-focused projects recently, more single cell data from human embryonic tissues are expected to be generated in the near future.

The heart as the first organ to develop plays a critical role in embryonic development. The heart consists of multiple cell types and the development of each cell type is tightly regulated temporally and spatially. Over the past few years, the origin and cell lineage of cardiac cells at early developmental stages have been characterized6, which provide a tremendous useful navigation tool for understanding congenital heart disease pathogenesis, as well as for developing more technologically advanced methods to stimulate cardiomyocyte regeneration7. 

The scRNA-Seq has undergone a rapid expansion in recent years8-10. With the newly developed methods, design and analysis of single cell experiments has become more achievable11-14. The method presented here is a commercial procedure based on the droplet solutions (see Table of Materials)15,16. This method features capturing cells and sets of uniquely barcoded beads in an oil-water emulsion droplet under control of a microfluidic controller system. The rate of cell loading into the droplets is extremely low so that the majority of droplet emulsions contain only one cell17. The procedure’s ingenious design comes from single cell separation into droplet emulsions occurring simultaneously with barcoding, which enables the parallel analysis of individual cells using RNA-Seq on a heterogeneous population. 

The incorporation of multiplexing strategies is one of the important additions to the traditional single cell workflow13,14. This addition is very useful in discarding cell doublets, reducing experimental costs, and eliminating batch effects18,19. A lipid based barcoding strategy and an antibody based barcoding strategy (see Table of Materials) are the two mostly used multiplexing methods. Specific barcodes are used to label each sample in both methods, and the labeled samples are then mixed for single cell capturing, library preparation, and sequencing. Afterwards, the pooled sequencing data can be separated by analyzing the barcode sequences (Figure 1)19. However, significant differences exist between the two methods. The lipid based barcoding strategy is based on lipid-modified oligonucleotides, which has not been found to have any cell type preferences. While the antibody based barcoding strategy can only detect the cells expressing the antigen proteins19,20. In addition, it takes about 10 min to stain the lipids but 40 min to stain the antibodies (Figure 1). Furthermore, the lipid-modified oligonucleotides are cheaper than antibody-conjugated oligonucleotides but not commercially available at the time of writing this article. Finally, the lipid-based strategy can multiplex 96 samples in one experiment, but the antibody-based strategy currently can only multiplex 12 samples. 

The recommended cell number to multiplex in a single experiment should be lower than 2.5 x 104, otherwise, it will lead to a high percentage of cell doublets and potential ambient mRNA contamination. Through the multiplexing strategies, the cost of single cell capturing, cDNA generation, and library preparation for multiple samples will be reduced to the cost of one sample but the sequencing cost will remain the same. 

PROTOCOL:
The animal procedure is in accordance with the University of Pittsburgh Institutional Animal Care and Use Committee (IACUC).

1. Mouse embryonic heart dissection and single cell suspension preparation

NOTE: This step could take a few hours depending on the numbers of embryos to dissect.

1.1. To acquire E18.5 embryonic hearts, euthanize a pregnant CD1 mouse by CO2 administration. Use a razor to remove the unwanted hair in the abdominal area and disinfect the skin with 70% ethanol.

1.2. Cut the skin of the abdomen using sterilized scissors and carefully dissect the embryos out and quickly put them into cold phosphate-buffered saline (PBS) on ice. 

1.3. Isolate hearts from each individual embryo carefully in a 10 cm dish filled with cold PBS under a stereoscopic microscope using forceps and scissors. 

NOTE: Keep the four chambers intact by dissecting the lung with heart together and DO NOT directly catch/pull the heart with surgical instruments.

1.4. Transfer ~10 hearts into a new 10 cm dish filled with cold PBS and micro-dissect the hearts into left atrium, right atrium, left ventricle, and right ventricle. 

NOTE: This is assumed to yield more than 1 x 106 cells from each sample. We recommend to start with at least 1 x 105 cells per sample.

1.5. Transfer each of the 4 chamber tissues to a 1.5 mL tube and chop them into pieces using scissors. Centrifuge at 300 x g for 3 min to collect the tissues. 

1.6. After aspirating the supernatant, add 1 mL of 0.25% Trypsin/EDTA to each tube and incubate in a 37 °C water bath for 10 min. Pipet up and down gently 7–8 times using a P1000 pipette.

1.7. If the embryonic stage is older than E11.5, add 1 mL of 10 mg/mL collagenase A/B mixture and incubate at 37 °C for 10–20 min. Gently pipet up and down until most cells are dissociated. 

1.8. Transfer the cells to a 15 mL tube and add 8 mL Hank's balanced salt solution (HBSS) to dilute the enzymes. Spin down the cells at 300 x g for 5 min. Suspend the cells in 1 mL of PBS and transfer them to a 1.5 mL tube. Filter the cells through a 40 μm cell strainer. 

1.9. Take 15 μL of volume from each sample and mix with the same amount of 0.04% trypan blue. Load this on a cell counting chamber and count the cells in a cell counter. 

NOTE: To generate high quality results, cell viability is recommended to be higher than 95%.

2. Single cell multiplexing barcoding 

NOTE: This step takes at least 40 min which varies based on the number of samples processed. A clean bench area treated with RNase decontamination solution is required for pre-amplification steps (step 2.11 to 3.11), and a separate clean bench area is required for the post-amplification steps (the steps after 3.11). 

2.1. Lipid based barcoding procedure (optional procedure 1)

2.1.1. Based on cell concentration, keep less than 5 x 105 cells per sample. Make sure the cell suspension is free of debris and cell aggregates.

2.1.2. Prepare 2 μM anchor/barcode stock solution and 2 μM co-anchor stock solution for each sample (Table 1). 

NOTE: The anchor and co-anchor were kindly gifted by Dr. Zev J. Gartner lab. To synthesize these lipid-modified oligonucleotides, DNA sequences were conjugated with fatty acid on a solid support and purified by reversed-phase high-performance liquid chromatography (HPLC)18,19. 

2.1.3. Wash the cells twice with PBS and collect the cells at 300 x g for 5 min. Suspend cells in 180 μL of PBS. 

2.1.4. Add 20 μL of anchor/barcode stock solution and pipette up and down gently to mix. Incubate on ice for 5 min. 

2.1.5. Add 20 μL of co-anchor stock solution and pipette up and down gently to mix, then incubate on ice for another 5 min. 

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 2 more times with ice cold 1% BSA in PBS. 

2.1.7. Combine all samples together and filter through 40 μm cell strainers. Count the cells and keep the cell suspension on ice to use in section 3. 

2.2. Antibody-based barcoding procedure (optional procedure 2)
 
[bookmark: _Hlk20601014]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 suspend them in 100 μL of staining buffer (Table 1) in 1.5 mL low bind tubes.

2.2.2. Add 10 μL Fc blocking reagent and incubate for 10 min at 4 °C.

2.2.3. Prepare antibodies (see Table of Materials) by centrifuging at 14,000 x g for 10 min at 2–8 °C. 

2.2.4. Add 1 µg of each oligo-conjugated antibody to 50 μL of cell staining buffer to make antibody staining solution20. Add one antibody staining solution to each sample tube. Incubate for 30 min at 4 °C. 

2.2.5. Wash cells 3 times with 1 mL of PBS, spin for 5 min at 350 x g at 4 °C. 

2.2.6. Pool all samples at desired proportions in 1 mL of staining buffer, spin for 5 min at 350 x g at 4 °C.

2.2.7. Resuspend cells in PBS at appropriate concentration (up to 1,500 cells/μL) and filter cells through a 40 μm cell strainer. Immediately proceed to the next step. 

3. Droplet generation and mRNA reverse transcription 

NOTE: This step takes about 90 min for one multiplexed reaction.

3.1. Equilibrate the gel beads (see Table of Materials) to room temperature for 30 min. Take out reagents from gel beads-in-emulsion (GEM) kit (see Table of Materials) and keep them at their indicated temperature. 

3.2. Assemble the chip B into a chip holder (see Table of Materials). 

3.3. Dispense 75 μL of 50% glycerol solution into the unused wells in row 1; 40 μL in row 2; 280 μL in row 3. Do not add glycerol in any recovery wells on the top row of the chip.

3.4. Prepare the master mix on ice according to Table 1. Add appropriate volume of cell suspension and nuclease-free water to master mix according to a cell suspension volume calculator table17 and gently pipette the mix. Dispense 75 μL of cell mixture into the bottom center of the sample well in row 1 without introducing bubbles. 

3.5. Vortex the gel beads for 30 s using a vortex adapter and slowly dispense 40 μL of gel beads into the bottom center of the gel bead well in row 2 without introducing bubbles. 

NOTE: It is critical to wait for 30 s between adding cells and gel beads to avoid wetting failure. 

3.6. For the partitioning oil well in row 3, dispense 280 μL of partitioning oil through the sidewall of the well. 

NOTE: Loading less than 270 µL of partitioning oil will lead to abnormal GEM generation. 

3.7. Attach the gasket onto the chip, do not press down on the gasket and keep it horizontal to avoid wetting the gasket. 

3.8. Load the assembled chip with the gasket in the chromium controller and run the chromium single cell B program (see Table of Materials), immediately proceed to the next step when the program completes. 

3.9. Take the chip out and discard the gasket. Fold the lid back to expose wells at 45°, check the liquid level to make sure no clogs are present. 

3.10. Slowly aspirate 100 μL of GEM from the lowest points of the recovery well and check the uniformity of the GEM. Dispense GEM into a new polymerase chain reaction (PCR) tube on ice with the pipette tips against the sidewall of the tube.

NOTE: If excess aqueous layer is observed, it is suggested to re-prepare the samples. Importantly, take a picture of the mixture when the GEM are still in the pipette tips. This picture can tell if there is a wetting failure, partially emulsified GEM, and reagent clogs. The photograph can also be used as evidence to get reimbursement from the reagent company with replacement reagents and chips.

3.11. Put the tube in a thermal cycler and perform the reverse transcription procedure (Table 2). 

NOTE: Stop here or proceed to the next step. The PCR product can be stored at −20 °C for up to a week. 
 
4. cDNA amplification 

NOTE: This step takes about 150 min.

4.1. Post single cell reverse transcription cleanup

4.1.1. Take out the cDNA amplification reagents from GEM kit (see Table of Materials) and keep them at their indicated temperature. 

4.1.2. Add 125 μL of recovery agent to the sample at room temperature to acquire a biphasic mixture. No opaque liquid should be observed and avoid pipetting or vortexing the mixture. 

4.1.3. After waiting for 60 s, slowly remove 125 μL of recovery agent from the bottom of the tube. 

4.1.4. Vortex the magnetic beads (see Table of Materials) thoroughly for 30 s and immediately use it to prepare beads cleanup mixture (Table 1). Reagents should be added sequentially as listed. 

4.1.5. Vortex the beads cleanup mixture and add 200 μL to the sample. Pipette the mixture 10 times then incubate it for 10 min at room temperature. 

[bookmark: _Hlk20589121]4.1.6. Add the reagents sequentially as listed in Table 1 to prepare the elution solution and elute the cDNA as follows.

4.1.6.1. Place the samples on the magnet (high position) (see Table of Materials) until the solution clears, then remove the supernatant.

4.1.6.2. Add 200 µL of 80% ethanol to the pellet. Wait for 30 s, then remove the ethanol.

4.1.6.3. Repeat step 4.1.6.2 for another 2 times. Centrifuge brieﬂy and place on the magnet (low position). Carefully remove the remaining ethanol and air dry for less than 2 min. 

NOTE: DO NOT exceed air drying past 2 min, otherwise the elution efficiency will decrease.

4.1.6.4. Remove the sample from the magnet. Add 35.5 µL of elution solution and pipette to mix 15 times. Incubate 2 min at room temperature.

4.1.6.5. Place the sample on the magnet (high position) until the solution clears. Transfer 35 µL of the sample to a new tube strip.

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 attention to the concentration of magnetic beads and the volume of EB buffer/ ultrapure water used to elute the samples at each step.

4.1.7. Quantify the size, concentration and integrity of eluted cDNA using an automated electrophoresis instrument21 (see Table of Materials) (Figure 2).

4.2. Amplification of cDNA 

4.2.1. cDNA amplification using the lipid-based barcoding strategy (optional procedure 1)

4.2.1.1. Prepare amplification reaction mixture (Table 1) on ice. 

4.2.1.2. Add the amplification reaction mixture to 35 μL of cDNA samples (from step 4.1.6.7). Pipette the mix, and centrifuge briefly. Incubate the mixture in a thermal cycler following the cDNA amplification procedure (Table 2). 

4.2.1.3. After vortexing thoroughly, add 120 μL of select reagent and 100 μL of ultrapure water to 100 μL of sample to acquire a 0.6x concentration of select reagent (see Table of Materials). Pipette the mixture for 15 times.

4.2.1.4. Incubate for 5 min at room temperature and then place the sample on magnet until the solutions become clear.
 
NOTE: Endogenous cDNA in the beads fraction and multiplexing barcoded cDNA is in the supernatant. 

[bookmark: _Hlk20417020]4.2.1.5. Transfer the supernatant into a 1.5 mL low bind tube for multiplexing barcoded cDNA library construction at step 6.1. 

4.2.1.6. Clean the endogenous cDNA by following the steps in 4.1.6 and elute them with 40 μL of EB buffer.

[bookmark: OLE_LINK3]4.2.1.7. Run 1 μL of purified cDNA sample on an automated electrophoresis instrument (see Table of Materials) to analyze/quantify the cDNA.

4.2.1.8. Aliquot 10 μL of cDNA into a new PCR tube for endogenous library construction. 

NOTE: Stop here or proceed to the next step. The remaining sample can be stored in -20 °C for up to 4 weeks to generate additional libraries if needed.

4.2.2. cDNA amplification in the antibody based barcoding strategy (Optional procedure 2)

4.2.2.1. Add 2 pmol of HTO and ADT additive primer and 15 μL of cDNA primers to 50 μL of amplification reaction mixture (Table 1) and perform cDNA amplification with the cDNA amplification procedure (Table 2). 

4.2.2.2. Use 0.6x select reagent to separate endogenous cDNA (beads fraction) and multiplexing barcode cDNA (in supernatant). Remember to save the supernatant to perform barcoding library construction in step 6.2.

4.2.2.3. Purify and elute the endogenous transcript cDNA by following the steps in 4.1.6, perform quality control (QC) of the libraries and aliquot 10 μL into a new PCR tube for endogenous library construction.

5. Endogenous transcript library preparation 

NOTE: This step takes about 120 min.

5.1. Keep gene expression library construction reagents from the library kit (see Table of Materials) at their indicated temperature, respectively. 

5.2. Prepare the fragmentation mixture (Table 1) on ice, pipette to mix and centrifuge briefly. 

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 then add the newly prepared 15 μL fragmentation mixture to the sample, pipette the mixture 15 times on ice and centrifuge briefly. 

5.4. Transfer the sample into a pre-cooled thermal cycler and initiate the PCR program for fragmentation, end repair and A-tailing (Table 2). 

5.5. Vortex the select reagent to suspend magnetic beads and successively use 0.6x and 0.8x select reagents to make a double-sided size selection according to the user guide17,22. Use 50 μL of EB buffer to elute the DNA. 

5.6. Prepare adaptor ligation mixture (Table 1), then pipette the mixture thoroughly and centrifuge briefly.

5.7. Add 50 μL of adaptor ligation mixture to 50 μL of sample, pipette mix again for 15 times and centrifuge briefly. Perform the adaptor ligation as per the protocol in a thermal cycler (Table 2). 

[bookmark: _Hlk20501556]5.8. Use 0.8x select reagent to purify the ligation product and elute the purified sample with 30 μL of EB buffer (see step 4.1.6).

[bookmark: _Hlk20499616]5.9. Prepare the sample index PCR mixture (Table 1) and add 60 μL to the purified sample. Add 10 μL of sample index to the sample, pipette mix up and down for 5 times and centrifuge briefly, incubate in a thermal cycler following the sample index protocol (Table 2).

NOTE: Stop here or proceed to the next step. If more than one well is used, choose one specific sample index (see Table of Materials) for each well. Remember to record the index ID used for each well and ensure no overlap in a multiplexed sequencing run. 

5.10. Successively use 0.6x and 0.8x select reagents to make a double-sided size selection to acquire 35 μL of purified endogenous cellular library DNA17. 

5.11. QC the endogenous cellular library before sequencing (Figure 2).

6. Preparation of multiplexing sample barcode cDNA libraries

NOTE: This step takes at least 120 min.

[bookmark: _Hlk20417076][bookmark: _Hlk20499689]6.1. Sample barcode library generation for the lipid based multiplexing strategy (optional procedure 1)

6.1.1. Add 520 μL of select reagent and 360 μL of isopropanol to sample barcode cDNA from step 4.2.1.5 to get a 3.2x select reagent concentration. Pipette the mixture 10 times and incubate at room temperature for 5 min. 

6.1.2. Place the tube on a magnetic rack and wait for the solution to clear. Then discard supernatant. 

6.1.3. Use 500 µL of 80% ethanol to wash beads twice on a magnet and wait for 30 s after each wash. 

6.1.4. Briefly centrifuge the beads and place on a magnet. Remove the remaining ethanol with a P10 micropipette and leave beads for 2 min.

6.1.5. Remove the tube from the magnet rack and resuspend beads in 50 µL of EB buffer. Pipet up and down to mix thoroughly. Incubate at room temperature for 2 min.

6.1.6. Return the tube to a magnet and wait for the solution to clear. Transfer the supernatant (sample barcode cDNA) to a new PCR tube. Be careful not to transfer any beads.

6.1.7. Quantify the concentration of sample barcode cDNA23. 

6.1.8. Prepare lipid barcode library mixture (Table 1), add 3.5 ng of purified barcoded cDNA (from step 6.1.6) and nuclease-free water for a total volume of 50 μl. 

6.1.9. Keep it in a thermal cycler following the lipid-based barcode library PCR (Table 2). 

6.1.10. Use 1.6x select reagent to purify the PCR product and elute the DNA with 25 μL of EB buffer (see step 4.1.6). 

6.1.11. Quantify the library concentration using a high sensitivity DNA analysis method24 from the initial dilution of 1:5 (Figure 2). 

6.2. Sample barcode library generation for the antibody based multiplexing strategy (optional procedure 2)

6.2.1. Add additional 1.4x reaction volume of select reagent to the supernatant containing sample barcodes acquired from step 4.2.2.3 to get a 2x select reagent ratio. 

6.2.2. Wash the beads with 80% ethanol by following the steps in 4.1.6 and elute the barcoded cDNA with ultrapure water. 

6.2.3. Perform the selection protocol with 2x select reagent for a second time and elute using ultrapure water. 

[bookmark: _Hlk20501898]6.2.4. Prepare antibody barcode library mixture (Table 1), and add 45 μL of purified barcoded cDNA from the last step.

6.2.5. Incubate in a thermal cycler following the antibody barcode library PCR (Table 2)20.

6.2.6. Use 1.6x select reagent to purify the PCR product and elute the purified sample with 30 μL of ultrapure water (see step 4.1.6). 

7. Library sequencing 

NOTE: Multiple next generation sequencing platforms such as HiSeq 4000 and NovaSeq can be used to sequence the endogenous transcript libraries and multiplexing barcode libraries. 

7.1. Use a next generation sequencing platform of choice to sequence the endogenous transcript libraries and multiplexing barcode libraries.

7.2. Dilute the libraries according to the recommendations from an expert at a sequencing company or sequencing facility. Minimum 20,000 reads per cell is recommended for the endogenous transcript library and 3000 reads for the barcode libraries. 

8. Data analysis

NOTE: De-multiplex the sequencing data using the cloud-based resource BaseSpace or by running the bcl2fastq package on a UNIX server. 

8.1. Endogenous transcriptome data analysis

8.1.1. With the fastq data generated from demultiplexing software, run “mkfastq” on the commercially available data analysis pipeline (see Table of Materials) to further demultiplex each GEM barcode.

8.1.2. Run “count” to perform the alignment, filtering, barcode counting, and UMI counting. 

8.1.3. Optionally, run “aggr” to aggregate multiple sequencing lanes from a single experiment.

8.1.4. Use “cell browser” (see Table of Materials) to visualize data, cluster cells, identify differentially expressed genes, and generate tSNE or gene expression heatmap plots. 

8.1.5. Optionally, use a well-maintained R-based platform25 (see Table of Materials) to normalize and scale data, identify differentially expressed genes, and generate tSNE/UMAP plots and gene expression heatmaps (Figure 3). 

8.2. Multiplexing barcode data analysis:

8.2.1. Analysis of the data from lipid based barcoding strategy

8.2.1.1. Use the commercially available data analysis pipeline or deMULTIplex R package (https://github.com/chris-mcginnis-ucsf/MULTI-seq) to convert the sample barcode FASTQ files into a sample barcode UMI count matrix. 

8.2.1.2. Load the barcode UMI count matrix together with endogenous transcriptome data to an R-based platform (see Table of Materials) for integration analysis (Figure 3). 

8.2.2. Analysis of the data from antibody-based barcoding strategy 

8.2.2.1. Use “count” from the commercially available data analysis pipeline to map the barcodes by providing the library CSV file and hashtag feature reference CSV file. 

8.2.2.2. Load the output unified feature-barcode matrix, which contains gene expression counts alongside feature barcode counts for each cell barcode, to an R-based platform for downstream analysis. 

REPRESENTATIVE RESULTS: 
In this study, we used mouse embryonic heart as an example to exhibit how multiplexed single cell mRNA sequencing was performed to process the different samples from separate parts of an organ simultaneously. E18.5 CD1 mouse hearts were isolated and dissected into left atrium (LA), right atrium (RA), left ventricle (LV) and right ventricle (RV). The atrial and ventricular cells were then barcoded independently using a lipid-based barcoding procedure and mixed together before GEM generation and reverse-transcription. The schematic overview is shown in Figure 1. We quantified the cDNA concentration before library construction (Figure 2A). One of the distinctions in performing multiplexed scRNA-Seq from the standard scRNA-Seq is that the endogenous cDNA library and the sample barcode DNA library were acquired separately after cDNA amplification and purification (Step 4.2.1 and 4.2.2.2). The two libraries were also qualified in our experiment (Figure 2B,C). Next generation sequencing and data analysis were performed followed by library construction and QC. 

We used HiSeqX platform to sequence both libraries in the same sequencing lane. With the sequencing data, we first separated the endogenous transcript data and barcode data using the BaseSpace program. Then we analyzed barcode expression in each single cell and found 8 groups of single cells that uniquely express one type of barcode, representing cells from 8 different samples (Figure 3A). In addition, we also found that some cells do not express any barcode, which we defined as negative cells, and some cells express two different barcodes, which represent doublets (Figure 3B). In summary, we found that around 70% of cells are singlets, 25% of cells are negative and 5% of the cells are doublets. 

With the singlet cells, we can perform further downstream analyses to understand the cellular heterogeneity and molecular regulations. The potential analyses can be cell type annotation (Figure 4A), novel/rare cell type identification (Figure 4B), anatomical zone comparative analysis (Figure 4C), and gene ontology pathway analysis such as cell cycle phase separations (Figure 4D). 

FIGURE AND TABLE LEGENDS:

Figure 1: Multiplexed single cell mRNA sequencing workflow. Embryonic day 18.5 stage hearts were analyzed using a multiplexed droplet-based single cell sequencing procedure. RT = reverse transcription. 

Figure 2: Representative QC results at different steps. (A) QC analysis of cDNA from step 4.1.7. The target fragment size is 200 to 9000 bp. (B) Endogenous library and (C) barcode library were analyzed with an automated electrophoresis instrument. The target fragment size for the endogenous library is 300–600 bp, and the barcode library DNA size is around 172 bp. 

Figure 3: Demultiplexing the sequencing data from the lipid based barcoding strategy. (A) Unsupervised analysis of the barcode expression. X-axis represents single cells, and y-axis represents barcodes. Each of the 8 single cell populations were identified to uniquely express one of the 8 barcodes. Note some cells express more than one barcode, and some cells do not express any barcodes. (B) t-SNE plot of the singlet cells, doublet cells, and negative cells. 

Figure 4: Advanced analysis of single cell transcriptional data. (A–D) Single cell data can be analyzed in different ways to understand the cellular heterogeneity and molecular pathways. We have listed several applications here as examples. Single cells were loaded into an R package to identify cell types (A), rare cell populations (B), cell anatomical zones (C), and cell cycle phases (D). 

[bookmark: _Hlk14022288]Table 1: The reagent mixtures used in the protocol.

[bookmark: _Hlk14022249]Table 2: The incubating procedure used in the protocol. (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 500–1,000 ng cDNA; 6–8 cycles for 1000–1500 ng cDNA. (4) Set total cycle numbers according to the cDNA input: 8–12cycles. (5) Set total cycle numbers according to the cDNA input: 6–10 cycles.

[bookmark: _Hlk14022228][bookmark: _Hlk14022238]Table 3: Oligonucleotide sequences used in this protocol. N: Barcode or index sequence; *: Phosphorothioate bond

DISCUSSION: 
In this study, we have demonstrated a protocol to analyze single cell transcriptional profiles. We have also provided two optional methods to multiplex samples in the scRNA-Seq workflow. Both methods have proved to be feasible at various labs and provided solutions to run a cost-effective and batch effect-free single cell experiment18,26.

There are a few steps that should be followed carefully when going through the protocol. An ideal single cell suspension should have >90% of viable cells and the cell density should also be within a specific range27. It is critical to obtain a good quality of cells to minimize the presence of cellular aggregates, debris, and fibers. Cellular aggregates have negative impact on sample multiplexing and have a potential risk to clog the droplet generating machine17. Generally speaking, a 30–40 µm cell strainer is ideal for removing large clumps and debris while preserving the cell samples because most cells will shrink below 30 µm after dissociation. Single cell nuclei are recommend to use instead if the cell diameter is larger than 30 µm. At early embryonic stages, the cell size for all types of mouse cells should be smaller than 30 µm. However, at later stages, the cardiomyocytes in the heart, neurons in the brain, muscle cells in limbs, and some fat cells may have a cell size larger than 30 µm. Cell size should be measured for these types of cells before starting the single cell experiments. 

The multiplexing strategies provide a way to simultaneously analyze a large number of samples in a cost-effective way. In addition, by profiling multiple samples together, we can significantly avoid the batch effects and identify cell doublets. These advantages will be very attractive to the single cell field. However, there are some factors that may limit their usage. As more cells are multiplexed in a single experiment, the cell doublet ratio will also increase. Although those doublets can be identified and removed by analyzing the multiplexing barcode data, it will lead to a large waste of sequencing reads. In addition, as more cells are pooled together, the cells are easier to break and cause an increase of the ambient mRNA, which will be captured into the droplets with cells and interfere with the detection sensitivity. We are expecting that a further optimization of the experimental workflow or bioinformatics pipeline analysis will resolve these two issues in the near future.
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