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Abstract

Traditional cell-screening techniques such as FACS and MACS are better suited for large numbers 

of cells isolated from bulk tissue and cannot easily screen stem or progenitor cells from minute 

populations found in their physiological niches. Furthermore, these techniques rely upon 

irreversible antibody binding, potentially altering cell properties, including gene expression and 

regenerative capacity. To address these challenges, we have developed a novel, label-free stem-

cell analysis and sorting platform capable of quantifying cell-surface marker expression of single 

functional organ stem cells directly isolated from their micro-anatomical niche. Using our unique 

platform, we have discovered a remarkable heterogeneity in both the regenerative capacity and 

expression of CXCR4, β1-integrin, Sca-1, M-cadherin, Syndecan-4, and Notch-1 in freshly 

isolated muscle stem (satellite) cells residing on different, single myofibers and have identified a 

small population of Sca-1+/Myf5+ myogenic satellite cells. Our results demonstrate the utility of 

our single-cell platform for uncovering and functionally characterizing stem-cell heterogeneity in 

the organ microniche.

Introduction

An understanding of both embryonic organogenesis and adult tissue regeneration relies on 

isolating and characterizing stem cells. In general, these cells are difficult to study because 

they constitute minute populations in organ niches and express multiple cell-surface 

markers, only some of which are known. Furthermore, their properties change quickly in 
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vitro and possibly even during isolation procedures 1–3. The different combinations of 

markers used to identify muscle satellite cells [CD34 4,5, CXCR4 6, β1-integrin 6, Sca-1 5–6, 

M-cadherin 4, and Syndecan-4 7] illustrate the on-going debate as to which cell-surface 

markers do, indeed, identify particular rare stem cells. Fueling this debate are a number of 

important factors including: the known heterogeneity of muscle stem cells, variations 

introduced during sample isolation and processing, the difficulty in determining gene-

expression accurately/quantitatively in the low starting stem-cell numbers within the micro-

anatomical niche (i.e., a single myofiber), and the inability to functionally characterize 

single quiescent satellite cells. The skeletal muscle fiber (myofiber) has long been 

established as an undisputed microniche of satellite cells, first in the microscopy work 

pioneered by Mauro 8, then by the isolation and in vitro characterization of myofibers with 

their associated satellite cells pioneered by Schultz 9 and Bishoff 10, and finally through the 

serial transplantation of single myofibers with associated satellite cells by Collins 11. 

Comprehensively, this body of work determined that muscle stem cells reside beneath the 

basement membrane and on top of the sarcolemma of myofibers and that these cells are 

necessary and sufficient to account for the regenerative capacity of postnatal skeletal 

muscle 12–15.

Traditional quantitative methods of fluorescence-activated cell sorting (FACS) and 

magnetic-activated cell sorting (MACS) analysis are designed for large numbers of cells and 

cannot be easily applied to niche-specific characterization. In the case of muscle satellite 

cells, FACS and MACS cannot distinguish subsets of cells isolated from different myofibers 

or even separate hind-leg muscle groups. Microscopy, although capable of imaging stem 

cells in their niches, neither provides a straightforward means to quantify gene expression 

levels, nor allows further characterization of immunostained cells. Adding to the overall 

complexity is the fact that FACS, MACS, and fluorescence microscopy depend on 

irreversible antibody binding to stem-cell surface proteins that then become internalized, 

likely altering cell properties, including gene expression and regenerative capacity 16.

To address these challenges, we have developed a unique and label-free method for the 

objective, quantitative screening and characterization of single, functional organ stem cells. 

We demonstrate the power of our method by screening satellite cells freshly isolated from 

single fibers of non-injured extensor digitorum longus (EDL) muscle 17, 18 for 

heterogeneous cell-surface marker expression, and by subsequently sorting and 

characterizing these cells for their myogenic capacity. We show that our novel method 

combines the desired qualities of FACS, MACS, and microscopy, offering not only the 

high-resolution capability to quantitatively analyze rare stem cells residing in their 

undisputed organ micro-niche but also the ability to purify and subsequently characterize 

these cells without significantly altering their behavior through our screening and sorting 

processes.

Results

Description of the device, procedure, and control experiments

For our measurements, single satellite cells, freshly isolated from individual myofibers of 

uninjured EDL muscle (Figure 1A), are injected directly into a polydimethylsiloxane 
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(PDMS) microfluidic channel (Figure 1B) that has been functionalized with a saturating 

concentration of either a specific or an isotype control antibody. A non-pulsatile pressure 19 

is used to drive single satellite cells through filters, an inner reservoir, and finally through 

the functionalized microchannel for measurement. As individual satellite cells transit the 

microchannel, the flow of current is partially blocked, leading to a transient increase, or 

pulse, in the electrical resistance (Figure 1C) that is subsequently recorded and analyzed to 

characterize the cell 20–26. The pulse magnitude and width correspond to cell size and transit 

time, τ, across the microchannel, respectively. Because of specific interactions, cells 

transiting a microchannel functionalized with an antibody specific for an expressed surface 

marker have longer transit times than those transiting an isotype control microchannel. 

Figure 1D shows a typical current (I) vs. time measurement. Pulses 1 and 2 each correspond 

to a single cell transiting the microchannel. Pulse 3 corresponds to the rare occasion when 

two cells simultaneously transit the microchannel. As shown, the pulse has a characteristic 

profile that is easily recognized and discarded 19. Because we flow cells at a high rate 

through the channel (~106 s−1 shear rate), they only transiently interact with the 

functionalized antibody. As such, we have never observed cells adhering to our devices. 

Immediately after screening, each cell is collected and sorted in a separate well of 8-well 

slides using a pressurized flow of media in the outlet reservoir (Figure 1E). The single cells 

are then cultured for 14 days, fixed, and immunostained to determine their myogenic 

capacity, e.g. the ability to form colonies of Pax7+ and MyoD+ myogenic progenitors (SI 

Appendix).

To show that our method is capable of quantitatively determining both the expression and 

lack of expression of a particular surface antigen in a population, we screened primary-

culture mouse myoblasts for Sca-1 and M-cadherin in prepared microchannels (SI 

Appendix). In agreement with previous reports that were based on FACS analysis, we found 

that 2.7% of the cultured myoblasts were Sca-1+ 27 and 93.0% were M-cadherin+ 23, 28, 29 

(Figure S1). To demonstrate that our method could accurately analyze primary organ stem 

cells, we first used our published methods 30 to isolate a bulk population of satellite cells 

from uninjured muscle and then used both our functionalized microchannels and 

conventional FACS to screen this population for Sca-1 expression. As shown in Figure S2, 

the accuracy of our device and method are validated, as there is excellent correlation 

between the two analysis methods: 67.6% were determined to be Sca-1+ by our method and 

66.1% by the gold standard, FACS. While both FACS and our device are capable of 

screening cells from bulk-tissue preparations, our method uniquely allows for the analysis of 

rare cells from a few single myofibers. Indeed, our next goal was to test this particular 

application of our novel single-cell analysis platform i.e. to assay single satellite cells 

associated with individual myofibers.

Niche-to-Niche Variation of Sca-1, CXCR4, β1-integrin, M-cadherin, Syndecan-4, and 
Notch-1 Expression

The presence, absence, and fiber-to-fiber heterogeneity of the surface markers Sca-1, 

CXCR4, β1-integrin, M-cadherin, Syndecan-4, and Notch-1 expressed by freshly isolated 

muscle satellite cells were examined. To ensure that our sample processing did not introduce 

artifacts, we hand-selected individual myofibers from bulk muscle for all our experiments. 
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Furthermore, we sampled a subset of these single myofibers and immunostained them to 

ensure that all satellite cells were sub-laminal, expressed the conventional myogenic marker 

Pax7, and did not express MyoD or Ki67. In so doing, we confirmed that the satellite cells 

we studied were not activated 17, 18 (Figure 1A).

To determine which cells were Sca-1+, M-cadherin+, β1-integrin+, Syndecan-4+, CXCR4+, 

or Notch-1+, we statistically analyzed the transit-time data to assess whether a particular cell 

had an outlying slow transit time as compared to those cells passing through the isotype 

control microchannel (Figures 2A and S3). Because there is a direct correlation between the 

density of available epitopes and transit time (Figure S4), we can also determine expression 

levels of Sca-1, M-cadherin, β1-integrin, Syndecan-4, CXCR4, and Notch-1 in satellite cells 

(not just identify cells as positive or negative). Thus, cells whose transit times were 

significantly high (with raw p-values < 0.001 and Bonferroni corrected p-values < 0.05) 

were considered to have high levels of expression (Figures 2, 3A, and S3, red), while less 

stringent cutoffs on raw p-values of 0.01 and 0.05 were used to determine cells with medium 

(Figures 2A and S3, green) and low (Figures 2A and S3, blue) expression levels of these 

markers, respectively. In the case of Sca-1, M-cadherin, Syndecan-4, CXCR4, or Notch-1, 

the p-values were calculated directly from null distributions of transit time; the null 

distributions were estimated based on cells passing through the isotype control microchannel 

(SI Appendix). With the estimated null distributions, we further performed a False 

Discovery Rate (FDR) analysis to confirm our findings. The FDRs for cells with high levels 

of expression were all found to be < 0.01 (more than 80% of these cells have FDRs < 

0.0001). The FDRs for cells with medium or low levels of expression were mostly found to 

be < 0.02 and 0.05, respectively. The FDR results provide a high confidence on the 

identified Sca-1+, M-cadherin+, Syndecan-4+, CXCR4+, or Notch-1+ cells. In the case of β1-

integrin, the p-values were calculated from a Dixon’s Q Test, a robust statistical test that is 

used to identify values that appear diverging from a control sample and ideal for small 

sample sizes 31–33. Determination between the above two ways of p-value calculation was 

based on the number of cells measured in the control data.

As shown in Figures 2B and 3A, we found significant heterogeneity between fibers in all 

studied cell-surface markers. In the summary of experiments we performed for each marker 

(Figure 2B and 3A), some fibers had almost no β1-integrin, M-cadherin, Notch-1, or Sca-1 

expressing satellite cells. Other fibers had a significant number of satellite cells that express 

Syndecan-4, β1-integrin, CXCR4, or Notch-1 (>90% total expression). Significantly, almost 

no fibers had satellite cells with medium or low expression of CXCR4, Notch-1, or M-

Cadherin. Notch-1 showed the greatest variability of expression between fibers, while 

Syndecan-4 showed the greatest variance in expression level of cells positive for this 

marker.

The high degree of variation of surface-marker expression levels between fibers that our 

method detected is surprising, and the first to be reported. To validate that this heterogeneity 

is an accurate reflection of the screened surface-markers, we compared freshly isolated and 

cultured satellite cells (SI Appendix) and found that, as expected, the heterogeneity and 

variance in expression levels of the studied markers increased upon in vitro culture (Figures 

2B, 3A, and S5). Additionally, we confirmed that our device accurately reports virtually 
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identical transit times in replicate runs of the same cell population (Figure S1C), hence 

providing another control for the uncovered phenomenon of fiber-dependent satellite-cell 

heterogeneity.

Following the discovery of microniche-specific heterogeneity of marker expression in 

satellite cells freshly isolated from single fibers, we investigated whether the high degree of 

cell-surface marker heterogeneity was due to the transient binding between the 

functionalized antibody and the cell-surface receptors that could activate receptor signaling 

and ultimately change cell properties 16. Since the anti-Notch-1 antibody (specific for the 

external part of Notch-1 receptor) employed in our microchannels has been shown to mimic 

the native ligand binding and activate Notch-1 robustly in satellite cells, resulting in high 

levels of the truncated intracellular portion of Notch that is localized to the cell nucleus 4, we 

analyzed whether Notch would become activated when detected in freshly harvested satellite 

cells (Figure 2C). As additional controls, unscreened satellite cells were plated on IgG1 and 

anti-Notch-1 antibody-coated culture wells overnight. To determine whether the transient 

interactions between the extracellular portion of the receptor and the functionalized 

antibodies activated the Notch pathway, we performed immunofluorescence on all cells 

using an antibody that specifically recognizes the truncated-activated form of Notch-1. In 

contrast to wells coated with anti-Notch-1 antibody, which induced robust nuclear-active 

Notch, cells from the IgG1 and anti-Notch-1 antibody microchannels and the IgG1-coated 

wells showed low levels of Notch activation (Figure 2C and Figure S6). Thus, the transient 

binding between functionalized antibody in our microchannel and specific receptors does 

not significantly contribute to Notch-pathway activation in satellite cells, thereby providing 

strong evidence that changes in signal transduction and cell behavior should not be expected 

when stem-cell populations are screened with our method.

Overall, our data suggest that individual myofibers from non-injured EDL muscle are 

heterogeneous with respect to the expression levels of Sca-1, M-cadherin, β1-integrin, 

Syndecan-4, CXCR4, and Notch-1 on their associated satellite cells. Our findings are highly 

consistent with previous reports, which have indicated that the muscle satellite-cell 

population is heterogeneous between different mice 34 and muscle groups 35. At the same 

time, our data are the first to reveal the variation of satellite cell subsets among single fibers 

in the same muscle and to establish quantitatively and directly this heterogeneity based on 

multiple surface markers.

A Significant Population of Sca-1+ Cells Are Myogenic

Of particular interest is the expression of Sca-1 in muscle satellite stem cells. While earlier 

studies reported that cells expressing Sca-1 protein and residing in skeletal muscle are 

indeed myogenic, i.e. they form myotubes in culture 36, later work seemed to exclude these 

cells as muscle precursors and even suggested that they give rise to adipose tissue 37–39. 

These reports recommended to eliminate Sca-1+ cells in bulk sorting of dissociated muscle 

tissue in order to obtain the myogenic precursor cells.

Since we found that some Sca-1+ cells reside in the muscle stem-cell micro-niche (Figure 

3A), we first investigated the myogenicity of Sca-1+ cells through immunodetection. Freshly 

isolated satellite cells were either directly immunostained for Sca-1 and Pax7 (Figure 3C) or 
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immunostained for the myogenic transcriptional factor, Myf5, after Sca-1+ cells were 

captured in a large microchannel (100 μm x 2000 μm x 40000 μm, H x W x L) 

functionalized with anti-Sca-1 antibody under a very slow flow rate (~103 s−1 shear rate) 

(Figure 3B, SI appendix). Through several methods of immunodetection, we identified a 

small, but significant population of Sca-1+/Myf5+ and Sca-1+/Pax7+ cells. This is in direct 

contrast to reports characterizing cells that express Sca-1 protein as non-myogenic 39, but in 

agreement with the previously reported expression of Sca-1 protein in single myofiber 

cultures 27.

To confirm the myogenicity of Sca-1-expressing cells, we isolated satellite cells from 

uninjured, intact myofibers of Sca-1-GFP transgenic mice, in which GFP expression 

signifies the presence and the levels of Sca-1 mRNA 40. The cells were cultured for 9 days, 

after which they were sorted on GFP mean fluorescence as high and low populations (Figure 

3D), and plated in conventional differentiation medium, in which myoblasts fuse into 

eMyHC+ myotubes. As shown in Figures 3E and F, Sca-1-GFP+ cells differentiated into 

eMyHC+/GFP+ myotubes in culture, thus confirming their unambiguous myogenicity. 

Interestingly, Sca-1-GFP+ cells displayed a significant delay in differentiation: by 48 hours 

almost none of these cells fused into myotubes and very few expressed eMyHC, while 

myogenic differentiation was robust in Sca-1−-GFP− cells (Figures 3E and F). Nevertheless, 

by 96 hours, Sca-1-GFP+ satellite cells underwent terminal differentiation into 

multinucleated eMyHC+/GFP+ myotubes, demonstrating their capacity for myogenic 

lineage progression 41. These results suggest that Sca-1+ cells are myogenic and might have 

unique properties with respect to their terminal differentiation.

Correlating Myogenicity with the Heterogeneity of Cell-Surface Markers

Satellite cells were isolated as above from single myofibers of non-injured EDL muscle and 

screened and sorted by our microfluidic channels functionalized with anti-β1-integrin and 

anti-CXCR4 antibodies. Single cells with known levels of β1-integrin and CXCR4 were 

then plated and cultured for 14 days (the time-frame during which quiescent satellite cells 

are typically activated in culture and form myogenic colonies 42). The capacity to form 

colonies of myogenic progenitor cells (Pax7+ and/or MyoD+) was assessed for each satellite 

cell that was isolated from each myofiber and the myogenicity was correlated with the levels 

of cell-surface markers. As shown in Figures 4A and B, satellite cells analyzed and sorted by 

our device formed myogenic colonies and very interestingly, the size of the colonies, as well 

as the percent of Pax7+/MyoD−, Pax7+/MyoD+, and Pax7−/MyoD+ cells, varied 

significantly, revealing the functional heterogeneity of muscle stem cells that associate with 

myofibers of the same EDL muscle. We correlated such functional heterogeneity with the 

expression of β1-integrin and CXCR4 in these sorted single cells and found a positive 

correlation between the levels of β1-integrin and the percent of differentiated MyoD+ cells 

in the colonies 43 that were formed by single satellite cells (Figure 4C). Interestingly, we 

found no correlation between the levels of CXCR4 and either Pax7+, MyoD+, or total cell 

numbers in the colonies; moreover, one CXCR4+ satellite cell (out of 16 clonally plated 

cells) formed a non-myogenic colony that had neither Pax7+ nor MyoD+ myogenic cells 

(Figure 4D, red dot). One cell screened with the β1-integrin channel also formed a non-

myogenic colony (Figure 4C, red dot), but in contrast to the CXCR4 case, this cell did not 
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have detectable levels of β1-integrin. Incidents of satellite-cell lineage conversion to non-

myogenic lineage have been well documented 44, and we have confirmed this phenomenon 

at a single-cell level. Overall, these data indicate that: (1) the levels of β1-integrin can 

predict the differentiation capacity of satellite cells; and (2) some CXCR4+ cells might not 

be myogenic. Furthermore, with respect to the colony size and expression of the self-

renewal marker, Pax7, these data show that a combination of multiple markers (rather than a 

single marker) would be a better predictor of such functional properties of satellite cells. 

More importantly, these results demonstrate that our device is capable of sorting single 

satellite cells and analyzing the correlation between their cell surface-marker expression and 

their myogenicity.

Discussion

This work describes a novel, label-free microfluidic approach for accurately measuring the 

cell-surface marker expression in rare subsets of stem cells that have been freshly isolated 

from their organ micro-niche and for sorting these cells for subsequent analysis. Using this 

method, we have discovered a significant heterogeneity in all studied cell-surface markers 

(Sca-1, M-cadherin, β1-integrin, Syndecan-4, CXCR4, and Notch-1) in satellite cells freshly 

isolated from different single myofibers of EDL. Furthermore, our data suggest that this 

heterogeneity is functionally important and that there is a correlation with the myogenic 

capacity of muscle stem cells. These results provide the first direct demonstration of a 

microniche-specific variation in gene expression in stem cells of the same lineage and 

suggest that different individual myofibers in the same muscle might not be equal with 

respect to the efficiency of their repair by resident satellite cells and to their developmental 

and/or postnatal myogenesis 45. Additionally, a variation among the different fiber types 

(e.g. fast versus slow) 46,47 can potentially contribute to the heterogeneity of associated 

satellite cells. The presence, absence, and niche-to-niche variation of muscle stem-cell 

markers was defined quantitatively through a statistical comparison of time-of-flight data for 

single, live cells that had been derived from their undisputed organ niche and that had 

transited across a surface functionalized with a saturating concentration of antibodies.

With respect to the myogenic capacity, we have shown that a number of Sca-1+ cells express 

Myf5, in contrast to recent reports that suggest Sca-1+ cells are not myogenic. Our work 

prompts further studies on the properties of Sca-1+/Myf5+ cells, which support prior 

research demonstrating that single Sca-1+/Pax7+ cells can give rise to myogenic progenitors 

through asymmetric division 7. Furthermore, we demonstrated that we could screen for the 

Notch-1 marker in muscle satellite cells without triggering the cleavage of Notch-1, thereby 

suggesting that our label-free method minimizes the activation of the molecules which are 

being analyzed, a concern for conventional techniques that rely on irreversible antibody 

binding. Based on this result for Notch-1, our microchannels have the potential to be used 

for the analysis of cells without altering cell properties to the extent that permanent antibody 

binding does. However, further testing on a per-cell type, per-marker basis would be 

necessary to confirm this characteristic of our platform in other applications.

To demonstrate the strong potential of our method for analyzing stem cells from their 

microniche, we chose to screen muscle (satellite) stem cells from single muscle fibers. 
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While we manually isolated satellite cells from their respective fibers and then injected them 

into our device for screening, the modular nature of our microfluidics platform allows for 

the incorporation of a series of gated microfluidic valves, reservoirs to introduce enzymes 

for cell disassociation from tissue, and mixers that ultimately would enable isolation and 

subsequent screening in situ. Such an in situ method and device could be generally applied 

to other stem-cell systems in which both sample and cells are rare.

Currently, our label-free method screens for a single surface antigen; however, multiple 

surface-marker screening could be accomplished by expanding our device into multiple 

microchannels, each functionalized with a different antibody corresponding to a different 

complementary antigen. Our current studies have already determined that the levels of β1-

integrin expression in satellite cells positively correlate with the percent of newly formed 

MyoD+ progenitor cells. The development of our next-generation devices will enable an 

analysis of the correlation between multiple cell-surface markers and the capacity of satellite 

cells to self-renew, proliferate, and differentiate, thereby allowing us to predict more 

accurately and comprehensively how the heterogeneous profile of cell-surface markers 

translates into the heterogeneous regenerative capacity of single, skeletal-muscle stem cells.

The focus of this work was the quantitative analysis of satellite cells from their 

microanatomical niche and thus throughput was not an issue. For applications requiring 

higher throughput, e.g. deriving stem cells from a larger pool of cells, we have successfully 

used this platform to screen cells as fast as ~1,000 cells per minute with neither loss in 

pulse-width resolution nor ability to detect specific ligand-receptor interactions with a 

specific affinity. For significantly larger sample sizes, multiple screening devices could be 

easily integrated on a single chip for parallel processing and further increased throughput. 

Beyond muscle stem cells, our method could be broadly applied to the quantitative analysis 

of single stem cells in other adult and developing organs, such as hair follicles or the sub-

granular zone of the hippocampus, potentially leading to profound new discoveries on stem-

cell properties and regenerative potential.

Experimental Procedures

Harvesting of satellite cells from single muscle fibers

EDL muscle was dissected from the hind leg of a 3-month old C57/black-6 mouse and 

incubated at 37°C in digestion medium for 1 hour with gentle agitation. Digested muscle 

was gently triturated and single fibers were handpicked under a microscope. Satellite cells 

were liberated from three single fibers by digestion with 1 U/mL Dispase and 40 U/mL 

Collagenase type II in medium for one hour before analysis. See SI Materials/Methods. This 

study was carried out in strict accordance with the recommendations in the Guide for the 

Care and Use of Laboratory Animals of the National Institutes of Health. The procedures 

and animal protocols used were approved by the Office of Laboratory Animal Care, UC 

Berkeley.
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Preparation of microchannel devices

Negative-relief masters of the final microfluidic channel devices were fabricated on polished 

silicon wafers using standard soft lithography 48. The electrodes were lithographically 

patterned onto RCA-cleaned glass substrates using Microposit S1813 resist. A 75/250 Å 

Ti/Pt thin film was deposited using an electron-gun evaporator. Before sealing to the PDMS 

slab, the glass substrates were functionalized. See SI Materials/Methods.

Data acquisition and analysis

Cells were injected into the microchannel device, and a non-pulsatile pressure of 17.4 kPa 

was used to drive the cells through the device without permanent retention in the channel. 

As cells passed through the microchannel, a four-point measurement of the current was 

performed using a constant applied AC voltage (typically 0.2–0.4 V), as previously 

published 23, 24, 26, 49, 50. The magnitude and width of each pulse were analyzed to 

determine cell size and transit time, respectively. See SI Materials/Methods.

Statistical analysis of transit-time data

Two different methods, Dixon’s Q Test 32, 33, 51 and FDR, were employed to compare the 

transit times of cells passing through isotype control channels to those functionalized with 

an antibody specific for expressed surface markers (e.g. Sca-1, CXCR4, M-cadherin, β1-

integrin, Notch-1, and Syndecan-4). For larger quasi-bulk samples (i.e. screening Notch-1 

expression in satellite cells), an FDR was used to control for false positives 52. We analyzed 

only those data that corresponded to cells of size 8–13 μm, the size range of satellite cells 30. 

See SI Materials/Methods.

Analysis of Sca-1 expression through immunofluorescence staining and microfluidic 
channel capture

Freshly isolated satellite cells were captured in a large microfluidic channel (100 μm x 2000 

μm x 40000 μm, H x W x L) functionalized with anti-Sca-1 antibody using an extremely 

slow fluid flow rate (~103 s−1 shear rate) or attached to Matrigel plates before being co-

stained for Sca-1 with the myogenic marker Pax7 or Myf5. See SI Materials/Methods.

Clonal analysis of single satellite cells

Single myofibers were isolated and analyzed with the devices. Immediately after screening 

for a pulse corresponding to a single satellite cell, the cell was collected in an individual well 

in an 8-well slide. Isolated cells were cultured in myoblast growth medium for 14 days 

before being immunostained for Pax7 and MyoD. Cell number, Pax7+, MyoD+, and Pax7+/

MyoD+ cell percentages were quantified for each cell colony.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Detailed view and description of the stem-cell analysis platform
(A) Freshly isolated single myofiber that has been immunostained. Satellite cells are sub-

laminal and one expresses the conventional myogenic marker Pax7 (white arrow). No 

satellite cells express MyoD, indicating that they are not activated. Blue corresponds to 

Hoechst nuclear dye, and green to anti-Pax7 antibody. Scale bar corresponds to 100 μm. (B) 

Optical image of an actual device, consisting of two reservoirs connected by a single 

microchannel (800 μm x 25 μm x 25 μm, L x W x H), all embedded in a 

polydimethylsiloxane (PDMS) slab sealed to a glass substrate. (C) A four-terminal 

measurement is used to detect the current pulse generated when a cell transits the 

microchannel. Pulse magnitude and width correspond to cell size and transit time, τ, 

respectively. When the microchannel is functionalized with antibodies that have a high 

affinity to a particular cell-surface epitope, transient binding between the two leads to a 

longer transit time (II) than that due to non-specific interactions in an isotype control 

antibody microchannel (I). (D) A typical current (I) vs. time measurement as satellite cells 

flow through an anti-Sca-1 antibody microchannel. The green trace is the raw data, and the 

red trace is the analyzed data. Pulses 1 and 2 each correspond to a single cell passing 

through the microchannel. Pulse 3 corresponds to two cells passing through the pore 
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simultaneously and is removed from any further analysis. (E) Schematic of cell sorting: a 

cell is initially injected into the microfluidic device (1), flows through the microchannel for 

measurement (2), and enters the exit chamber as a transverse flow of media is triggered (3) 

that enables collection in an individual well for culture (4).

Chapman et al. Page 14

Integr Biol (Camb). Author manuscript; available in PMC 2016 March 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Screening analysis of satellite cells freshly derived from single muscle fibers
(A) Syndecan-4 marker screening. Transit times of cells that passed through the isotype 

IgG1 control antibody microchannel were compared to those of 4 different experiments. 

Each experiment consisted of cells collected from 3 single muscle fibers and screened with a 

different anti-Syndecan-4 antibody microchannel. Based on an FDR analysis, cells were 

determined to have high (red), medium (green), low (blue), or no (black) Syndecan-4 

expression. (B) Summary of the observed expression levels of Syndecan-4 (Experiments 1, 

2, 3, and 4 with n=20, 26, 28, and 22 cells, respectively);β1-integrin (Experiments 1 and 2 

with n=38 and 29 cells, respectively); CXCR4 (Experiments 1 and 2 with n=23 and 11 cells, 

respectively); Notch-1 (Experiments 1, 2, 3, and 4 with n=5, 43, 9, and 32 cells, 

respectively); and M-cadherin (Experiments 1, 2, and 3 with n=8, 10, and 3 cells, 

respectively). All markers screened show a wide range of heterogeneity from fiber to fiber. 

Heterogeneity and variance in expression levels of the studied markers increase upon 

muscle-stem-cell activation (M-cadherin freshly-isolated vs cultured, as shown. See also 

Figures 3A and S5). The bars correspond to the percentages calculated from the raw transit-

time data in Figure S3. (C) Screening for Notch-1 protein expression on the surface of 

satellite cells. Transit time vs. cell size for satellite cells screened with a 2000 μm-long IgG1 

or Notch-1 microchannel. τavg = 19.80 ± 2.36 ms for the IgG1 microchannel and τavg = 

22.93 ± 4.83 ms for the Notch-1 microchannel Using an FDR calculation, with cutoffs of 

0.1, 0.05, and 0.01, 21% of the 757 cells screened, had high levels of Notch1 expression 

(red), 8% had medium levels of expression (green), 9% had low levels (blue), respectively. 

The remaining cells (62%) did not express Notch1 (black). Percentage of cells showing high 

levels of nuclear Notch-1 after screening vs. control cultured conditions (See Figure S6). 

Cells were not activated when screened with our microchannels.
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Figure 3. 
A population of Sca-1+ cells is myogenic. (A) Summary of the observed expression levels of 

Sca-1 in freshly isolated (Experiments 1, 2, and 3 with n=5, 47, and 21 cells, respectively) 

and cultured satellite cells (Experiments 1, 2, and 3 with n = 60, 39, and 33 cells, 

respectively). As in Figure 2, red, green, blue, and black correspond to high, medium, low, 

and no expression, respectively. (B) Myofiber-associated cells that were Sca-1+ were 

analyzed after being captured by a microchannel functionalized with anti-Sca-1 antibody 

using a slow flow rate. The red and blue corresponds to Myf5 and Hoechst staining, 

respectively. Scale bar indicates 10 μm in all images. (C) Freshly isolated satellite cells were 

immunostained for Sca-1 and Pax7. The top row image shows antibody control, and the 

middle and bottom row shows Sca-1 staining. Green, red, and blue correspond to Sca-1, 

Pax7, and Hoechst staining, respectively. White, red, and green arrows indicate Sca-1+/

Pax7+, Sca-1−/Pax7+, and Sca-1+/Pax7− cells, respectively. Scale bar indicates 10 μm in all 

images. (D) Myofiber-associated cells were derived from Sca-1-GFP Tg mice and live-

sorted on GFP for three populations: low/no GFP (the lowest 21%, solid line region), an 

intermediate GFP (34%, dashed line region) and the highest GFP (17%, dotted line region). 

(E) The sorted cells were plated in DM for 48 hours or 96 hours, where myoblasts readily 

fuse into MyHC+ myotubes. Both Sca-1-GFP positive and Sca-1-GFP negative populations 

produced MyHC+ myotubes (red), demonstrating the myogenic nature of the Sca-1-

expressing cells. Hoechst (blue) was used to label all nuclei. Scale bar indicates 100 μm. (F) 

Differentiation efficiency was quantified by percentage of nuclei in MyHC+ myotubes.
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Figure 4. 
Functional heterogeneity of single satellite cells. (A) Single cells with different β1-integrin 

expression levels were cultured at clonal density in growth medium for 2 weeks before 

being immunostained for Pax7 and MyoD. Three representative colonies are presented. 

Scale bar indicates 100 μm. (B) Cell number, Pax7+, MyoD+, and Pax7+/MyoD+ cell 

percentages were quantified in 5 different colonies grown from single satellite cells that 

were analyzed for β1-integrin expression. (C) Transit time of individual cells screened with 

an anti-β1-integrin antibody microchannel vs. MyoD+ cell percentage, Pax7+ cell 

percentage, and total cell number of colonies derived from the individual cells analyzed. 

Each dot and number label (1–5) corresponds to a particular cell that gave rise to one of the 

five colonies analyzed in Figure 4B. Cells 1 and 2 were β1-integrin− and cells 3–5 were β1-

integrin+. (D) Transit time of individual cells screened with an anti-CXCR4 antibody 

channel vs. MyoD+ cell percentage, Pax7+ cell percentage, and total cell number of colonies 

derived from the individual cells analyzed. All cells were CXCR4+. Blue and black dots 

indicate cells that gave rise to myogenic colonies, and red dots indicate cells that gave rise to 

non-myogenic colonies.
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