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Abstract

Considerable evidence suggests that self-renewal and differentiation of cancer stem-like cells 

(CSCs), a key cell population in tumorgenesis, can determine the outcome of disease. Though 

the development of microfluidics has enhanced the study of cellular lineage, it remains 

challenging to retrieve sister cells separately inside enclosed microfluidics for further analyses. 

In this work, we developed a photo-mechanical method to selectively detach and reliably 

retrieve target cells from enclosed microfluidic chambers. Cells cultured on carbon nanotube-
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polydimethylsiloxane composite surfaces can be detached using shear force induced through 

irradiation of a nanosecond-pulsed laser. This retrieval process has been verified to preserve 

cell viability, membrane proteins, and mRNA expression levels. Using presented method, we 

have successfully performed 96-plex single-cell transcriptome analysis on sister cells in order 

to identify the genes altered during self-renewal and differentiation, demonstrating phenomenal 

resolution in the study of cellular lineage.
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Intratumor heterogeneity imposes inevitable challenges to successful cancer treatment. 

Considerable evidence supports the presence of a sub-population of cancer stem-like cells 

(CSCs) marked by the capability to drive tumor growth and metastasis and contribute to 

treatment resistance in many cancers.1,2 During tumorgenesis, some CSCs differentiate to 

grow the bulk tumor, while others preserve stemness through self-renewal.3 Self-renewal 

is one key characteristic of CSCs to maintain unrestrained growth, metastatic capability, 

and drug resistance. Modulation of deregulated self-renewal pathways (SRPs) in CSCs is 

promising as therapeutics.4 Thus, it is imperative to understand the regulation of cellular 

determination to self-renew or differentiate. Although fluorescence-activated cell sorting 

(FACS) and Magnetic-activated cell sorting (MACS) instruments can sort CSCs based on 

cell surface markers or enzymatic activity,5,6 these methods merely identify current cell 

states, completely losing the information regarding cellular lineage; when trypsinizing cells 

for sorting, cells from different clones all mix together, precluding the identification of 

self-renewing and differentiating CSCs.

In contrast to conventional dish-based methods with such limited resolution, recent 

developments in microfluidics have enabled the isolation and monitoring of thousands of 

single cells on chip.7–11 Using these platforms, self-renewal and differentiation process of 

single CSCs can be monitored under microscope.12,13 Though the single-cell monitoring 

provides useful information, microfluidic systems still lack the capability to retrieve healthy 

individual cells for genotypic analysis, which is essential to elucidate the regulating 

pathways for cell renewal and differentiation in cancer development.1,14 Given some 

on-chip analyses can be performed,15–18 for full characterization of cell properties, it is 

critical to retrieve target cells for off-chip analyses since the off-chip analysis tools offer 

higher multiplexing capabilities, such as 96-plex quantitative real-time polymerase chain 

reaction (qRT-PCR) using Fluidigm C1 and Biomark, whole transcriptome analysis using 

sequencing, and 32-plex protein quantification using Fluidigm CyTOF.

Conventional cell detachment schemes, such as trypsinization or poly(N-

isopropylacrylamide) (PNIPAAm)-based detachment,19 do not allow spatially localized 

removal of cultured cells from their substrate; instead, cells are detached from the entire 

substrate without specificity. The PALM CombiSystem developed by Zeiss can optically 

isolate and catapult the selected cells into a tube. However, this system works only on 

an open substrate with no cover frame. Therefore, it is not compatible for integration 
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with microfluidics, which is an ideal platform for single-cell manipulation and monitoring. 

Alternatively, methods using capillary vacuum or localized trypsin exposure have been used 

for selective cell retrieval, but these are still limited to open substrates.20,21 Cell release 

through photo-degradation of a film substrate could provide better spatial resolution and 

allow integration with microfluidic devices, but this process generates acidic byproducts 

leading to toxicity and potentially affecting cell behavior and expression.22 Although 

detachable microrafts were introduced for the analysis of single cells, with this approach 

it would be very difficult to separate two sister cells carried on the same microrafts.23 

Optical approach was reported using infrared laser irradiation directly to a carbon nanotube 

(CNT)-based substrate, but cell viability was very poor due to heat-induced cell necrosis.24 

Recently, single-cell detachment was also demonstrated using laser-generated focused 

ultrasound (LGFU).25,26 The focused ultrasound could produce single-bubble cavitational 

disturbance at the microscale focal zone (<100 μm) to detach target cells cultured on a 

substrate. However, these works were also limited to open substrate applications. Pressure 

fields within a microfluidic channel, generated by surface acoustic waves, were capable 

of moving cells in suspension to form spheroids, but not detaching or controlling a single 

targeted cell.27

Here, we present a microfluidic system, which consists of a top frame for microfluidic 

guidance and a multi-functional bottom substrate made from a CNT-PDMS composite 

film,25 enabling complete single-cell retrieval with both spatial precision and high cell 

viability. The CNT-PDMS film allows (1) highly biocompatible cell culture, (2) easy 

incorporation with microfluidic fabrication, and most importantly (3) generation of an 

optically driven shear force (or micro-bubble) which breaks cell contact with the surface. 

Our approach enables physical detachment of a target single cell with better preservation of 

viability and membrane proteins as compared to a trypsin-treated reference. This process is 

highly reproducible within an enclosed microfluidic platform (>90% of detached single cells 

are successfully retrieved and available for secondary assays). Furthermore, we demonstrate 

that the cell detachment process does not affect gene expression, validating its use in single 

cell transcriptome analysis. Using the presented method, we compared the differences in 96 

oncogene expression of self-renewing and differentiating sister cells, which were derived 

from one mother cell. The results support that differentiation of CSC induces more dramatic 

changes in gene expression. More interestingly, we found that two self-renewing sister cells 

still have differences in gene expression signature. The key genes altered during self-renewal 

and differentiation of CSCs were identified using the resolution of the presented approach.

Results and Discussion

Single Cell Capture Scheme

The cell detachment setup is illustrated in Fig. 1. To isolate single cells for lineage tracking 

and division monitoring prior to retrieval, we adapted our previously developed single-cell 

hydrodynamic capture scheme.10 Fig. 1(b) shows the schematic of a single cell capture 

chamber. MDA-MB-231 (breast cancer) cells are loaded from the inlet by gravity flow that 

is generated spontaneously due to a liquid height difference between the inlet and the outlet. 

No external pumps are required for cell loading or culture. In each micro-chamber, there 
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are two fluidic paths: a central path and a serpentine path (Supplementary Fig. 1). Initially, 

the central path has a lower flow resistance so that the first cell entering the chamber 

tends to flow through the central path (Supplementary Fig. 1, Supplementary Movie 1). 

As the opening of the central path is smaller than the cell size (10 μm by 15 μm in our 

design), it sterically captures the cell. The captured cell will thus block the central path, 

increasing the central path resistance. Following cells will then preferentially flow through 

the serpentine path and be captured in the downstream micro-chambers (Supplementary Fig. 

1, Supplementary Movie 2). Cell capture experiments have been performed with various cell 

types, and high cell capture rates (> 70%) have been achieved for all of these cell lines.10 

This design has been used to create single cell capture arrays with greater than a thousand 

chambers.9–11

Cell Detachment on a Plane Substrate without Microfluidic Chamber

We first tested single-cell detachment by using a CNT-PDMS composite film coated on a 

glass substrate without microfluidic channels for single cell deployment.28 For fabrication 

of CNT-PDMS composite films, we used CNTs grown by a chemical vapor deposition 

(CVD) process, followed by spin-coating with PDMS (see Methods section). Although 

we used the high-temperature process to prepare a CNT-grown substrate separately from 

microfluidic frames, a low-temperature preparation technique using CNT gels was also 

reported,29 which is useful for direct fabrication of CNT-PDMS composite films on a 

microfluidic substrate. MDA-MB-231 cells were cultured on the CNT-PDMS composite 

film. Then, we applied pulsed laser irradiation (7-ns width) onto the CNT-PDMS film to 

produce a 1–2 micro-bubbles with a single pulse (Supplementary Fig. 2). In the CNT-PDMS 

composite, CNT strands mixed with the PDMS convert the incident optical energy into 

thermal energy. 25 CNTs allow rapid heat transfer to the surrounding PDMS, (e.g. ~0.5 

ns for a 20-nm thick CNT strand which is much shorter than the laser pulse width).25,30 

Note that the composite structure initially contains nanoscale porosity over the whole film. 

Therefore, the optical actuation can expand and merge nano-bubbles into a single bubble 

with greater dimension (~a few to tens μm in diameter).31,32 Thus, heat-induced bubbles 

are instantaneously generated from the inside of the PDMS and then ejected through 

the film surface. The targeted cell (Supplementary Fig. 2, Supplementary Fig. 3, and the 

Supplementary Video 3) is exposed to shear forces generated by the rupture of the surface as 

well as the lateral displacement created as the bubble expands. The shear stress we generated 

is expected to be higher than 600 Pa, which is enough to detach cells in literature.33 Since 

the small laser spot size (<10μm) creates a highly localized region where the shear force is 

applied, we can even detach a specific part of the single cell making focal contacts with the 

substrate. For example, an elongated single cell had only its left side detached, leaving the 

right side anchored (Fig 2g–f), demonstrating the specificity and resolution possible.

Selective Detachment of Cells in Microfluidic Chamber

Next, we integrated our detachment mechanism with our single cell capture design. Again, 

we used a focused nanosecond laser pulse to detach cells by generating a high shear force. 

Fig. 2 illustrates the detachment process of a single MDA-MB-231 cell (Supplementary 

Video 4). Initially (Fig. 2(c)), the cell was captured in the chamber and allowed to adhere 

onto the substrate for 24 hours. Figure 2(d) shows the cell detachment by the optically 
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generated shear force. Driven by the reversed gravity flow, the detached cell travelled 

upward for retrieval in the outlet (Fig. 2(e)). The precise spatial resolution of the presented 

detachment scheme is clearly demonstrated in Fig. 2(f–h) and Supplementary Video 5. After 

focusing the irradiation to one side of a cell, we could partially detach the cell, leaving 

one side anchored and the other free. In addition to CNT, 20nm Au/Pd alloy, which has 

better uniformity and higher potential for scalable fabrication, can be used as an alternative 

light-absorbing layer.

Cell Retrieval Using Parallel Microfluidic Channel

Once detached, the cells must be removed from the device for further analyses (e.g. mRNA 

qRT-PCR). For this purpose, we designed a microfluidic configuration that can achieve high 

retrieval yield while simultaneously avoiding undesired contamination from residual cells 

left in the inlet. In the cell loading phase, media flows from inlet to outlet (i.e. in Fig. 3, 

flowing from top to bottom), so that the cells can be captured at the capture sites (Fig. 3(a)). 

In the detachment phase, we first detach the cells from the chambers of even rows in the 

array before applying pressure from the right side along the horizontal path to collect the 

selected cells (Fig. 3(b), Supplementary Video 6). The detached cells in those chambers are 

guided upward and retrieved in the left outlet. Then, we can detach the cells in the chambers 

of the odd rows before applying the pressure from the left for collection (Fig. 3(c)). The 

detached cells in these chambers are guided upward and retrieved in the right outlet. Using 

the alternating parallel channels in an array, we can retrieve all the cells from either the left 

or right outlets. Consequently, the residual cells that may be retained in the inlet during cell 

loading do not contaminate the sample. Using this scheme, more than 90% of the detached 

cells can be successfully retrieved in the outlet. The detachment and retrieval process for 

four cells in the same chamber is demonstrated in Supplementary Fig. 4.

Validation of Retrieved Cell Viability

Due to the low thermal diffusivity of the PDMS layer (0.106 × 10−6 m2/sec) that insulates 

the cell culture area, the depth of the thermal penetration from the CNT after laser 

exposure is only ~27 nm for a 7-ns pulse width, well below the surface where the cells 

are cultured.25,30 Moreover, as we use a single laser pulse as needed with sufficiently long 

(more than a few seconds) intervals between each, there is negligible heating. This makes 

it unlikely that the optically generated heat affects cell viability. Fig. 3(d–g) demonstrate 

an example of a MDA-MB-231 cell was detached and then placed in 96-well plate to 

observe the effects of laser detachment. The retrieved single cell proliferated to ~20 cells 

4 days after detachment. All of the cells were viable as confirmed by using LIFE/DEAD-

staining (Fig. 3(g)). Thus, we confirmed that cell viability was maintained after recovery 

from laser induced cell detachment. We also quantitatively compared the viability of laser-

detached cells and trypsinized cells. Remarkably, the laser detachment (viability: 85.3% ± 

9.6%) scheme showed a comparable cell viability as the conventional trypsinization process 

(viability: 83.2% ± 8.7%). This indicates that our approach is highly reliable and suitable for 

applications requiring further culture of the cells after retrieval.

Moreover, we compared the surface topography of the detached cells using scanning 

electron microscope (SEM) (Fig. 3(h–k)). This revealed that the laser detachment approach 
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preserves surface proteins, leaving the cell surface intact and rough (Fig. 3(h, i), while the 

trypsinization digested the membrane proteins significantly, smoothening the cell surface 

(Fig. 3(j, k).34, 35 Based on these results, we note that the laser detachment method provides 

an additional advantage as surface markers can be better preserved for immune-staining 

during downstream analysis.

Validation of Retrieved Cell Gene Expression

Although we have confirmed cell viability and preservation of surface proteins, the optically 

driven shear forces may cause cellular stress responses that alters gene expression.36 In 

order to determine if this was occurring, we characterized the mRNA expression of 96 

genes comparing 20 laser-detached and 20 trypsinized T47D (breast cancer) cells using the 

Fluidigm C1 and Biomark HD. Fig. 4(a) illustrates the principal component analysis (PCA) 

plot of the expression data showing the characteristics of each single cell as a dot. The 

trypsizined cells are marked with green, while the laser detached ones are shown in red. 

In the plot, the two populations mix, meaning that no distinguishing feature (component) 

can be found to separate the two groups. In addition to PCA, we performed Hierarchical 

Clustering (HC) analysis (Fig. 4(b)) to group cells. In this manner, cells with similar 

expression will be clustered closely together. Again, the two populations mix, showing that 

cellular heterogeneity within group is larger than the difference between the two detachment 

methods. Fig. 4(c) is the violin plot of the trypsinized and the laser-detached cells. The cells 

detached by either method maintain typical T47D cell expression, such as high EPCAM and 

low Vimentin. No significant difference was found between the two populations. This result 

validates the presented method does not affect gene expression of single cells.

Comparison of Gene Expression Signatures Between Two Sister Cells

To study the gene expression signatures of two sister cells, we selectively retrieved 

symmetrically and asymmetrically divided Notch+ T47D cells. The Notch pathway is a 

signaling pathway that regulates cell self-renewal and differentiation. High Notch expression 

is related to stem-like properties and higher tumor initiating potential.37,38 To monitor Notch 

pathway activation, we transduced T47D cells with a lentiviral (pGreenFire1) Notch reporter 

containing multiple Notch response elements upstream from a minimal CMV promoter 

regulating destabilized GFP. We loaded Notch+ cells into the device using gravity flow for 

single cell capture (Fig. 5(a)). Then, we selected a cell that had asymmetrically divided 

into one Notch+ (green) and one Notch- (non-green) cell after 3 days (Fig. 5(b)). First, we 

retrieved the Notch+ cell (Fig. 5(c)). Due to precise cell detachment, the Notch- cell stayed 

at its original place. Then, the Notch- cell was retrieved (Fig. 5(d)), facilitating downstream 

analysis to compare the two sister cells.

The retrieved single cells were lysed, Reverse Transcribed (RT), and pre-amplified in 

tube, and then analyzed by Biomark HD multiplexed transcriptome analysis. The 96-gene 

panel (Supplementary Table 1) was chosen to identify the oncogenic signature of breast 

cancer cells.39 In addition to the asymmetrically divided Notch+ T47D cells, we retrieved 

symmetrically divided Notch+ (one Notch+ cell producing two Notch+ cells) and Notch- 

(one Notch- cell producing two Notch- cells) T47D cells for comparison. First, we examined 

and verified the gene expression profiles of Notch+ and Notch- T47D cells. As expected, 
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significant differences were identified between these two populations (Supplementary Fig. 

5–7). Then, we examined the similarities and differences between sister cells. Single-cell 

gene expression profiles of cell pairs were visualized using PCA (Fig. 5(d)) and hierarchical 

clustering (Fig. 5(e)). The violin plots of all cell pairs are shown in Supplementary Fig. 8. 

Fig. 5(f) illustrates the differences in gene expression between all pairs of cells. Here, the 

difference was quantified by calculating the averages of the difference in threshold cycle 

(delta cycle threshold (Ct) value) in the 96 genes. As expected, symmetrically divided sister 

cells showed similar expression profiles, indicated by the closer distance between the two 

sister cells on the PCA plot, while asymmetrically divided sister cells diverge in expression. 

A similar trend was observed on the HC plot by the proximity of symmetrically divided 

sister cells and when measuring the pair-wise distance of expression between all pairs of 

cells (Fig. 5(g)).

Identification of Genes Altered During Cell Divisions

Based on the gene expression differences between symmetrically and asymmetrically 

divided sister cells (Fig. 5(h)), the 96 genes were categorized into 4 types: (I) those unlikely 

to be changed both in symmetrical and asymmetrical division (the lower left corner), (II) 

those only likely to be changed in asymmetrical division (the upper left corner), (III) those 

only likely to be changed in symmetrical division (the lower right corner), and (IV) those 

likely to be changed both in symmetrical and asymmetrical division (the upper left corner). 

The detailed gene list is shown in Supplementary Table 2. The first type of genes are either 

not expressed due to the nature of T47D cells, such as Vimentin, or housekeeping genes, 

such as HPRT1.40 The second type of genes are closely associated with Notch regulation, 

such as HES1, HEY2, and HER2.41 The gene expression change correlates well with the 

phenotypic observation of Notch reporter intensity change, demonstrating the presented 

tool as a bridge between phenotypic monitoring and genotypic analyses. Interestingly, 

we also found genes with quite different expression levels between two symmetrically 

divided sister cells, such as Twist1 and BCL2.42 Thus, symmetric division, as defined by 

Notch pathway expression, does not guarantee conservation of genetic expression. Important 

oncogenes, such as ALDH1a1 and CXCR1,5,43 can be altered during both symmetric and 

asymmetric division in breast cancer stem-like cells. In this work, we directly measured the 

gene expression differences between sister cells that occurred during both symmetric and 

asymmetric division, which has not been previously demonstrated.

Conclusions

In this work, we developed a photo-mechanical actuation method to precisely detach and 

retrieve target cells. Thanks to the low thermal diffusivity of the PDMS and short laser 

pulse, the selective cell retrieval method does not alter cell viability, membrane proteins, 

and gene expression (mRNA). These features support the presented method as an ideal 

approach for retrieving target cells from the enclosed microfluidic chambers. Combining 

single-cell isolation, monitoring, detachment, and retrieval capabilities, we have successfully 

identified symmetric and asymmetric division events and retrieved the sister cells separately 

for 96-plex single-cell transcriptome analysis. Compared to conventional FACS sorting, 

which cannot distinguish self-renewing and differentiating CSCs, we can identify the cells 
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with different lineage to identify critical self-renewal pathways in CSCs. Moreover, using 

single cell transcriptome analysis, we could identify key regulating genes altered during 

cell self-renewal and differentiation. Collectively, the proposed study represents a ground-

breaking method to advance understanding of cell lineage can be widely applied to other 

studies of cellular heterogeneity.

Methods:

Substrate for Cell Detachment

In order to detach cells adhered on PDMS, here used as a culture substrate, we prepared 

a two-layer structure consisting of a bottom layer for light absorption and a top PDMS 

layer.25 For light absorption, we used a CNT layer that is grown by a high-temperature 

CVD process (Fig. 2(a)). CNT samples were fabricated in the single-zone CVD chamber 

on the thin-film catalyst comprising Fe (1 nm) and Al2O3 (10 nm) deposited on SiO2/Si or 

fused silica substrates at 775 °C under the mixed flowing of C2H4/H2/He.44 The density, 

length, and morphology were controlled by tuning the CVD parameters and growth time. 

The CNT layer was then spin-coated with PDMS for composite formation as shown in Fig. 

2(b). In addition, we also prepared a 20-nm thick Au/Pd alloy (sputtered) as an alternative 

light-absorbing layer, instead of CNT. The Au/Pd alloy provided better uniformity and 

higher potential for scalable fabrication. PDMS, a commonly used microfluidic material, 

was selected as the polymer layer due to the advantages of low thermal conductance to 

isolate the cells above from the heat of the CNT surface, preserving cell viability and good 

bio-compatibility for cell culture. To obtain uniform coating of a thin PDMS layer on the 

CNT substrate, we diluted PDMS in hexane with a 1:1 ratio. A 3-μm PDMS layer could 

be achieved using a 6,000 r.p.m. spin coating speed (Fig. 2(b)). The detailed condition for 

spin-coating with PDMS is shown in Supplementary Fig. 9.

Device Fabrication

We used standard soft lithography to make PDMS layers and bond them to the substrate 

described in the previous section. Two masks were used to fabricate the multiple heights 

for the channel region (40 μm height) and the capture gap (15 μm height) as shown in the 

Supplementary Fig. 10. The PDMS layer and the substrate described in the previous section 

were bonded together after activation by oxygen plasma treatment (100 Watt, 60 second).

Cell Culture

MDA-MB-231 (human breast cancer cell line) and T47D (human breast cancer cell line) 

were cultured for the cell experiments. MDA-MB-231 and T47D cells were obtained from 

Dr. Wicha’s Lab (University of Michigan, MI, USA). MDA-MB-231 cells were cultured 

in DMEM (Gibco 11965) with 10% FBS (Gibco 10082) and 1% penicillin/streptomycin 

(Gibco 15070). T47D cells were cultured in RPMI (Gibco 11875) with 10% FBS (Gibco 

10082) and 1% penicillin/streptomycin (Gibco 15140). All the cells were cultured in 

polystyrene culture dishes and passaged at or before cells reached 80% confluency.
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Lentiviral transduction

T47D cells were transduced with pGreenFire1-Notch lentiviral (System Biosciences, 

Mountain View, CA) particles using standard protocols. Lentiviruses were prepared using 

3rd generation helper plasmids to generate VSVG pseudotyped particles (roughly 1×107 

units/mL) by the University of Michigan Vector Core. 500,000 T47D breast cancer cells/

well (50,000/cm2) were plated in a 6-well plate, transduced the following day at a MOI of 

10 for 24 hr. Transduction efficiency was ~90% at 1 week post transduction based on FACS 

analysis of eGFP from cells transduced with pGreenFire-CMV. GFP+ cells were collected 

by flow cytometry sorting using a MoFlo Astrios cytometer to insure that all cells contain 

the lentiviral vector. Following cell culture, GFP- cells were generated from GFP+ cells after 

reaching equilibrium.

Cell Loading

The fabricated microfluidic devices were put in a low pressure desiccator (0.4 atm) for 30 

minutes, and then culture media was pipetted to the inlet and outlet to prime the device. 

Before the experiment, the devices were examined under microscope to make sure that 

there were no bubbles trapped in the device after priming. Cells were first harvested from a 

petri-dish with 0.05% Trypsin/EDTA and centrifuged at 100 x g for 5 minutes. Then, cells 

were re-suspended at 1×106 cells/mL in culture media, and 100 μL of the cell solution was 

pipetted into the inlet. The flow (0.04 μL/min) was generated spontaneously by gravity flow 

from the liquid height difference (5 mm, 50 Pa pressure) between the inlet and the outlet, 

so no external pump was required.10 Within 5 minutes, the cells were hydrodynamically 

captured in each chamber at single-cell resolution, and the cell solution was replaced with 

cell-free culture media.

Cell Culture On-chip

After loading of the cancer cells, the media in the inlet is replaced with regular cell culture 

media. Perfusion flow from inlet to outlets driven by gravity can provide nutrients and 

remove the wastes generated by cells, so cells can be healthily cultured on-chip.10 We 

exchange the cell culture media daily. We first take out all the residual media in the outlets 

and then inlet, and then we add 100 μL of fresh media into the inlet.

Cell detachment

Laser detachment was performed by using a nanosecond (3–7 ns) Q-switched Nd:YAG laser 

(Continuum,; 532 nm wavelength; 0.1 mJ/pulse). The laser beam was focused on a spot 

of 10 μm in diameter. After detachment, the cells were treated by LIVE/DEAD staining 

method (Life Technologies, calcein AM/ethidium homodimer-1, L3224) for 10 minutes in 

the incubator and examined under a microscope to quantify cell viability. For studying the 

morphology difference of laser-detached and trypsinized cells using SEM, the retrieved cells 

were first washed with PBS (Gibco, 10010) and then fixed by 2.5% Glutaraldehyde in 4°C 

overnight. The sample was then washed with PBS for 5 minutes twice, 5 minutes by 35% 

Ethanol, 5 minutes by 50% Ethanol, 5 minutes by 70% Ethanol, 5 minutes by 95% Ethanol, 

and 5 minutes by 100% Ethanol. The sample was then dried on a glass slide and coated with 

gold using sputter.
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Image Acquisition

The microfluidic chips were imaged using an inverted microscope (Nikon TE2000). The 

bright-field and fluorescent images were taken with a 10x objective lens and a charge-

coupled device (CCD) camera (Coolsnap HQ2, Photometrics). A FITC/TRITC filter set was 

used for the fluorescent imaging. Bright field imaging was performed using an exposure 

time shorter than 10 ms, and the fluorescent imaging was performed using an exposure 

time shorter than 100 ms, minimizing the phototoxic effect on cells. The microfluidic cell 

chamber array was scanned with a motorized stage (ProScan II, Prior Scientific). Before 

each scanning, the stage was leveled to ensure the image remained in the focus throughout 

the whole imaging area.

Single Cell Gene Expression Analysis

For the comparison between laser detachment and trypsinization, we loaded the cells 

into a device with 1,000 single-cell capture chambers and retrieved them by laser and 

5-minute trypsinization. The retrieved cells were loaded onto the C1 (Fluidigm) chip and 

processed by the C1 instrument to isolate the single cells. All the chambers of C1 chip 

were examined under the IX83 fluorescent microscope to record the status of captured 

cells in each chamber. Single cells underwent lysis, RNA release, reverse transcription, and 

finally cDNA pre-amplification for 96 target gene transcripts in the C1 chip. Due to the 

number (96) of capture wells, the Fluidigm C1 chip does not capture every single cell that 

is loaded. However, as shown in Supplementary Fig. 11, the C1 platform does not have 

significant bias or preference toward certain population of single cells based on size or 

morphology, likely allowing capture of a reasonably representative sample. This is further 

supported by Supplementary Fig. 12, showing the good correlation between the average of 

single T47D cell (n = 28) expression data and bulk T47D (5,000 cells each sample, n = 3) 

expression. For the single-cell expression experiments of two sister cells, the retrieved single 

cell was transferred in 1 μL into a 200 μL tube. Cell lysis, reverse transcriptase (RT), and 

pre-amplification were performed in tube using Ambion® Single Cell-to-CT™ Kit (Thermal 

Fisher Scientific, 4458236). The pre-amplified cDNAs from each single cell were analyzed 

using the BioMark HD instrument that generates nearly 10,000 qPCR data-points in a single 

run using a 96 × 96 chip and TaqMan assays. Technical and biological replicates shown in 

Supplementary Fig. 13 have been performed to ensure reproducible single cell transcriptome 

analysis. Serial dilution experiments of total RNA, extracted from a T47D breast cancer cell 

line by using BioMark HD system and TaqMan assays, have been performed to confirm the 

experiment quantitatively and sensitively (Supplementary Fig. 14–17).

Data Analysis and Processing

Statistical analyses were performed using R (version 3.0). One-way ANOVA tests were used 

for all comparison studies. A significance level of p < 0.05 was used to consider statistical 

significance. * refers to P < 0.05, ** refers to P < 0.01, and *** refers to P < 0.001. Results 

are presented as mean ± SD. Measurements with high variability (such as gene expression 

levels) were compared on the log-scale. The gene expression data were normalized to 

GAPDH, a common housekeeper gene in the cell, and the un-normalized data were provided 

as supplementary information. For single-cell qRT-PCR data generated from the Fluidigm 
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Biomark HD system, we used SINGuLAR v3.0 for data analysis, such as outlier detection, 

hierarchical clustering and principal component analysis. R package SingleCellAssay was 

used for improved statistical power in detecting differentially expressed genes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Schematic diagram of single-cell detachment setup. (a) The cells were cultured in the 

microfluidic chamber coated with CNT-PDMS composite. A short pulse laser is used to 

detach the target cell. (b) the single-cell hydrodynamical capture scheme in the microfluidic 

chamber.
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Fig. 2. 
Selective single cell detachemnt by optical generation of shear forces on the CNT-PDMS 

film: (a) Scanning electron microscope (SEM) image of the CNT grown on quartz substrate 

(scale bar: 5 μm), (b) SEM image of CNTs (separate sample) after spin coating with PDMS 

(scale bar: 5 μm). (c-e) An example of laser detachment of a MDA-MB-231 cell: (c) before 

detachment, (d) immediately after pulsed laser irradiation, and (e) cell detached and flowed 

away from the original culture location (scale bar: 50 μm). Note that the cell is highly viable 

preserving its membrane without biochemical modification observed in the trypsinization 

(f-h) An example of partial detachment of a MDA-MB-231 cell: (f) before detachment, (g) 
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after laser irradiation onto the left extension of the cell, and (h) the partially detached cell 

only having the physical contact on the right end (scale bar: 50 μm).
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Fig. 3. 
Cell retrieval and viability validation. (a-c) Three different flow schemes of the microfluidic 

device: (a) cell loading into the chambers for culturing and monitoring, (b) retrieving 

cells in the even rows, and (c) retrieving cells in the odd rows. (d-g) The recovery of 

a MDA-MB-231 cell: (d) before detachment, (e) right after detachment, (f) the retrieved 

cell, (g) proliferation after 4 days (scale bar: 100 μm). (h-k) Scanning electron microscope 

(SEM) images of laser detached and trypsinized cells: (h) the laser detached MDA-MB-231 
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cell (scale bar: 5 μm) and (i) its enlarged view (scale bar: 500 nm), (j) the trypsinized 

MDA-MB-231 cell (scale bar: 3 μm) and (k) its enlarged view (scale bar: 500 nm).
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Fig. 4. 
Single cell gene-expression data of trypsinized and laser detached T47D cells utilizing 

Fluidigm C1/Biomark HD for multiplexed gene expression analysis. (a) Principal 

component analysis (PCA) plot of single cell expression analysis for 20 trypsinized (green) 

and 20 laser detached (red) cells. Each dot represents a cell. (b) Heatmap hierarchical 

clustering of single cell expression analysis for 20 trypsinized (green triangle) and 20 laser 

detached (red circle) cells. In the heatmap, the red color indicates high gene expression, 

and the blue color indicates low gene expression. Two types of cells are mixed together, 
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indicating no significant alteration in the gene expression when laser detachment was used, 

as compared to trypsinization. (c) The violin plots of gene expression for 20 trypsinized cells 

(green) and 20 laser detached cells (red). 96-gene expression of single cells was analyzed. 

The vertical axis indicates relative expression levels in log2 scale, and the horizontal axis 

indicates the distribution of cell population. The cells detached by both methods maintain 

typical T47D cell expression with no significant variation.
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Fig. 5. 
Comparison of asymmetrically and symmetrically divided sister cells using single cell 

transcriptome analysis. (a) A single Notch+ T47D cell was captured in a chamber. (b) 

After 3 days, the Notch+ cell asymmetrically divided to two cells: i.e. Notch+ (green) 

and Notch- (non-green). (c) The Notch+ cell was selectively detached and retrieved first, 

leaving the Notch- cell alone in the chamber. (d) The Notch- cell was retrieved, leaving 

no cells. (e) Principal component analysis (PCA) plot of 2 pairs of asymmetrically divided 

sister cells (red), 2 pairs of symmetrically divided Notch+ sister cells (blue), and 2 pairs of 
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symmetrically divided Notch- sister cells (blue). Each dot represents a cell. Comparison 

of the distances between the cell pairs indicates that the asymmetric division causes 

significant alteration in the gene expression profiles between two sister cells. (f) Heatmap 

hierarchical clustering of the asymmetrically and symmetrically divided cells (red - high 

gene expression, blue - low gene expression). The symmetrically divided cells are more 

likely to cluster together. (g) The pair-wise difference in the gene expression of 12 cells. 

The gene expression difference is defined as the average difference in cycle threshold 

(Ct) of all 96 genes. The blue color indicates low difference (closer expression profile), 

and the red color indicates high difference (more different expression profile). The results 

suggest that symmetric division generates two similar sister cells, while asymmetric division 

generates distinctive sister cells. (h) Identification of genes altered in symmetric and 

asymmetric division. Each dot represents a gene(horizontal axis - the average difference 

in Ct of symmetrically divided cell pairs, vertical axis - the average difference in Ct of 

asymmetrically divided cell pairs). The genes were categorized into 4 types.

Chen et al. Page 22

ACS Nano. Author manuscript; available in PMC 2022 October 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Results and Discussion
	Single Cell Capture Scheme
	Cell Detachment on a Plane Substrate without Microfluidic Chamber
	Selective Detachment of Cells in Microfluidic Chamber
	Cell Retrieval Using Parallel Microfluidic Channel
	Validation of Retrieved Cell Viability
	Validation of Retrieved Cell Gene Expression
	Comparison of Gene Expression Signatures Between Two Sister Cells
	Identification of Genes Altered During Cell Divisions

	Conclusions
	Methods:
	Substrate for Cell Detachment
	Device Fabrication
	Cell Culture
	Lentiviral transduction
	Cell Loading
	Cell Culture On-chip
	Cell detachment
	Image Acquisition
	Single Cell Gene Expression Analysis
	Data Analysis and Processing

	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.

