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Selection of chemotactic adipose-derived stem
cells using a microfluidic gradient generator†

Kanmani Natarajan,ab Chantal Tian,a Bo Xiang,cd Chao Chi,def Jixian Deng,df

Rundi Zhang,a Darren H. Freed,g Rakesh C. Arora,h Ganghong Tian*df

and Francis Lin*abij

Stem cells hold great promise for treating various degenerative diseases and conditions. However, the

outcomes of preclinical and clinical cell therapy studies are still not close to our expectation. We believe

that the unsatisfactory outcomes of cell therapy are at least partially due to insufficient homing of

implanted stem cells into target organs and the use of heterogeneous cell populations for cell therapy.

Therefore, there is a need to develop an effective guiding technique for stem cells to migrate to the

target organs and to isolate effective stem cell populations. Toward this direction, we have previously

demonstrated chemotaxis of rat adipose-derived stem cells (ASCs) to a well-defined gradient of

epidermal growth factor (EGF) using a microfluidic device. In the current study, we further developed a

microfluidics-based method for selecting chemotactic ASCs to EGF. This method integrates cell

patterning, chemotaxis and cell extraction on a single microfluidic gradient-generating device. Post-

extraction analysis confirmed the higher chemotactic migration of the extracted cells to EGF.

Consistently, the extracted chemotactic ASCs shows up-regulated surface expression of the EGF

receptor and its downstream signaling event upon EGF stimulation. The results suggest that our method

provides a new effective approach for the selection of specific stem cell populations. It is also expected

that the use of the selectively extracted stem cells could enhance stem cell homing to target organs and

consequently improve the outcome of cell therapy.

Introduction

Stem cells are one of the key building blocks for tissue regen-

eration because of their self-renewal ability and multi-potential

to differentiate into different specialised cell types such as

cardiomyocytes, blood cells and nerve cells.1–4 Adult stem cells

can be isolated from various tissue sources.5 Among the adult

stem cells, adipose derived stem cells (ASCs) are a type of

mesenchymal stem cells derived from fat tissues.6–9 ASCs have

extensive proliferative capacity and can differentiate into

multiple cell lineages.10–12 Moreover, a signicant amount of

adipose tissue can be readily harvested with a minimal invasive

procedure without provoking ethical concerns and prolonged ex

vivo expansion.7,13,14 These unique features make ASCs a

promising stem cell source for transplantation-based thera-

peutic applications.8,12

Homing of transplanted stem cells to the targeted tissues

depend on various factors such as the cell conditions, the host

conditions and the delivery method.15 Our previous study

showed that direct injection of ASCs into injured myocardium

signicantly increased le ventricular ejection fraction and

reduced infarct size of infarcted rat hearts.12 Therefore, we

believe that ASCs is an effective candidate for treating conges-

tive heart failure and other degenerative diseases. Most stem

cell-based therapeutic studies, particularly human ones, have

only shown very moderate improvement of viability and func-

tion of targeted tissues and organs. We anticipate that the

unsatisfactory outcomes of the studies were at least partially

due to the insufficient homing of the implanted stem cells to
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targeted organs and heterogeneous cell populations used in the

studies. Meyerrose et al. administered transduced ASCs to

sublethally irradiated immune decient mice through various

routes (e.g. intravenous, intraperitoneal or subcutaneous

injection). Seventy-ve days aer transplantation, the admin-

istered cells were found in various tissues.16 Tracing the trans-

planted stem cells shows that the cells also reached other

organs in addition to the target site.17 Therefore, it is important

to explore the potential to control trafficking of stem cells and to

develop a technique for selection of stem cells with an effective

and specic homing property. Toward this direction, this study

was designed to develop a method to select high chemotactic

ASCs in vitro.

Conventional migration assays such as transwell assay can

be used to measure chemotaxis and collect migrated cells.14,18–20

However, transwell assay has limitations in controlling the

chemical gradient and in distinguishing true responding cells

from those moving randomly. In contrast, our approach

employs a microuidic platform that allows us to precisely

control a chemical gradient and to quantitatively assess cell

chemotaxis. Thus, this platform may be used for screening

effective chemoattractants for a specic type of stem cells.

Subsequently, this approach may also be employed to harvest

the stem cells that display a chemotactic property. Previously,

Takayama et al. demonstrated that parallel streams of different

solutions at low Reynolds number can effectively create patterns

of the substrate and cells.21 Similar method was used to pattern

endothelial cells for wound healing assays.22 However, to our

best knowledge, those previous studies have not been used to

separate and extract high chemotactic and low chemotactic cell

populations. In addition, the use of microuidic devices to

manipulate migratory ASCs has not been reported. Using a

microuidic gradient generator, we have shown the character-

istic movement of rat ASCs to a dened gradient of epidermal

growth factor (EGF).23 In the present study we further developed

a microuidics-based method to provide an integrated solution

for on-chip cell patterning, chemotaxis assay and extraction of

chemotactic ASCs. We found that the chemotactic ASCs to EGF

could be readily extracted using our method. Subsequently, we

assessed the chemotactic property of the selected cells and

explored potential mechanisms underlying the chemotactic

property.

Materials and methods
1. Cell preparation

Subcutaneous adipose tissues were isolated from the inguinal

region of the inbred Lewis rats. ASCs were isolated following the

method as described previously.24 The isolated adipose tissue

was washed extensively with phosphate-buffered saline (PBS) to

remove contaminating debris and blood cells. The adipose

tissue was minced and digested with collagenase I (2 mg mL�1;

Worthington Biochemical, Lakewood, NJ) at 37 �C for 20–30

minutes. Collagenase activity was then neutralized by DMEM-

low glucose (HyClone, Logan, UT) containing 15% fetal bovine

serum (FBS; HyClone, Logan, UT). The digested adipose tissue

was ltered with a 100 mm and then with a 25 mm nylon

membranes, to eliminate the undigested fragments. The

cellular suspension was centrifuged at 1000g for 10 min. The

cell pellets were re-suspended in cell culture medium and

cultivated for 48 h at 37 �C in 5% CO2. Adherent cells were

disassociated with 0.25% trypsin and collected for subsequent

studies. The isolated ASCs were cultured and passaged in

complete culture medium (DMEM with 10% FBS, 1% peni-

cillin–streptomycin, 1% MEM/NEAA, and 20 ng mL�1 EGF) at

37 �C in the presence of 5% CO2.

2. Microuidic device preparation

A previously developed “Y” shaped microuidic gradient-

generating device was used for this study.25–27 The device

design was drawn using the Freehand soware 9.0 (Macro-

media, CA) and plotted onto a transparency sheet. The device

master was fabricated using a Si wafer and SU-8 photoresist

(Microchem, MA) by the standard contact photolithography.

The master was then used to make the polydimethylsiloxane

(PDMS) (Dow Corning, MI) replica by the standard so-

lithography technique. Two 1 mm diameter holes for uidic

inlets and one 4 mm diameter hole for the outlet were punched

out of PDMS. Then PDMS was bonded to a glass slide using an

air plasma cleaner (PDC-32 G, Harrick, NY) to complete the

microuidic device.

3. On-chip cell patterning, chemotaxis and extraction

The microuidic channels were coated with bronectin (BD

Biosciences, MA) for one hour at room temperature. ASCs were

seeded to the device and allowed to settle on the bronectin-

coated channel uniformly for a few hours in an incubator at

37 �C with 5%CO2. The seeded ASCs were then exposed to a step

gradient of trypsin/EDTA (0.25%), which was created by

infusing medium and trypsin/EDTA solution into the channel

through separate inlets at a total ow rate of 1.2 mL min�1 using

a syringe pump (KDS210, KD Scientic, MA). The ASCs exposed

to trypsin/EDTA were washed out in 5–8 min and those sub-

jected to medium remained rmly on one half of the channel

(Fig. 1A). As a result, one half of the channel was loaded with the

ASCs while another half in general was ASCs-free. The ASCs

remained in the device were then exposed to a smooth

concentration gradient of EGF (recombinant human EGF,

Cedarlane, Burlington, Ontario) (Fig. 1B). The concentration

gradient was created simply by slowly (total ow rate of 0.4 mL

min�1) infusing EGF-containing medium (20 ng mL�1) and

EGF-free medium (with two syringes) into the device through

separate inlets. Chemotaxis of ASCs to the EGF gradient in the

microuidic device was monitored using an inverted micro-

scope (Nikon Ti-U system) with an environmental chamber with

its temperature and CO2 level set at 37
�C, and 5%, respectively.

Time-lapse images of cell migration were taken at a frequency of

1 frame per 20 min for up to total 24 h. At the end of the

chemotaxis experiment, cells migrated to the high EGF

concentration region of the channel were washed off from the

channel by applying a step gradient of trypsin/EDTA. The ASCs

being washed out were then collected at the outlet (Fig. 1C). We

call these cells “high chemotactic cells” or “HC”. The ASCs

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 6332–6339 | 6333
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remained in the low EGF concentration region of the channel

were washed off from the channel by applying a uniform ow of

trypsin/EDTA and collected at the outlet (Fig. 1C). We call these

cells “low chemotactic cells” or “LC”. The extracted HC and LC

were cultured for subsequent studies. To further compare

chemotaxis of the extracted HC and LC, we uorescently labeled

HC (or LC) with cell tracker dye (CellTracker™ Orange, Life

Technologies, CA) and mixed them with LC (or HC) in 1 : 1 ratio

(Fig. 4). The same number of the cell mixture was loaded to the

device for each experiment. Then the cell mixture was tested for

chemotaxis to the EGF gradient following the same procedure

as illustrated in Fig. 1.

4. Cell tracking analysis

The cells in the time-lapse images were manually tracked using

the “Manual Tracking” plug-in in the NIH ImageJ soware

(v.1.34s). The cell tracking data were imported to Chemotaxis

and Migration Tool soware (ibidi, Martinsried, Germany) to

compute Chemotactic Index (C.I.) and average cell speed.

Chemotactic Index (C.I.) is dened as the ratio of the

displacement of cells toward the chemokine gradient (Dy), to

the total migration distance (d) using the equation C.I. ¼ Dy/d,

presented as the average value � standard error of the mean

(SEM). The average speed (V) is calculated as d/Dt and presented

as the average value � SEM of all cells. Furthermore, statistical

analysis of migration angles was performed using Origin so-

ware (Origin 8.5, Northampton, MA) to examine the direction-

ality of the cell movement. Specically, migration angles,

calculated from x–y coordinates at the beginning and the end of

the cells tracks, were summarized in a direction plot, which is a

rose diagram showing the distribution of angles grouped in

dened intervals with the radius of the wedge indicating the cell

number. The most inner circle represents 1 cell with an

increment of 1 for the outer circles. Total 20–40 cells were

analyzed in each experiment and at least 3 independent exper-

iments (each using a separate device) were repeated for each

condition with similar results. The gures show the data from

one representative experiment for each condition.

5. Reverse transcription-PCR for measuring gene expression

of epidermal growth factor receptor (EGFR)

Total RNA of HC and LC were extracted using the trizoilation

method. cDNA were synthesized from the total RNA followed by

reverse transcription. The cDNA was then used to amplify EGFR

gene by PCR with 35 cycles. The sequences of the primers for rat

EGFR were 50 CTCCTCTAGACCCACGGGAA 30 (Forward) and 50

ATGTTCATGGTCTGGGGCAG 30 (Reverse). Gene-bank number

and product length are NM_031507.1 and 553 bp, respectively.

The PCR products were veried on agarose gel. The bands were

visualized using a UV illuminator and the corrected band

density was measured to indicate EGFR gene expression.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used

as an internal control. Each RT-PCR experiment was performed

in triplicate. The gure presents the average data from all

repeats with the error bar as the standard error of the mean

(SEM).

6. Flow cytometry

6.1. Surface EGFR expression. HC and LC were serum

starved in EGF-free culture medium overnight. Then the cells

were stimulated by 50 ng mL�1 of EGF for 3 h. The stimulated

cells were xed in 2% paraformaldehyde (PFA) and stained with

EGFR antibodies following the manufacturers' instructions.

The primary EGFR antibody was purchased from Santa Cruz

Biotechnology. The secondary Alexa Fluor 488 antibody was

purchased from Life Technologies. The stained cell samples

were analyzed for surface EGFR expression using a ow

cytometer (FACSCalibur, BD Biosciences, ON). The FACS data

were analyzed using FlowJo (7.2.5 Tree Star Inc, OR). The rela-

tive EGFR expression level was computed as the fold change of

mean uorescence intensity of the EGFR staining signal to the

negative control without primary antibody staining. The gure

presents the average data from 3 independent experiments with

the error bar as the standard error of the mean (SEM).

6.2. Phospho FACS for measuring Erk1/2 phosphorylation.

Erk1/2 phosphorylation in HC and LC were measured by

phospho FACS following a similar method as described previ-

ously.28 HC and LC were serum starved in EGF-free culture

medium overnight. Then the cells were stimulated by 50 ng

mL�1 of EGF for 3 h. The stimulated cells were xed in 2% PFA

and subsequently permeabilized in 100% ice-cold methanol

overnight at �20 �C. The permeabilized cells were washed twice

with staining buffer (0.5% BSA in PBS) followed by intracellular

staining using the phospho Erk1/2 antibodies (Alexa Fluor 647

Conjugate phospho-p44/42 MAPK (Erk1/2) Rabbit mAb, New

England Biolabs, ON). The stained cell samples were analyzed

for Erk1/2 phosphorylation using a ow cytometer (FACSCali-

bur, BD Biosciences, ON). The FACS data were analyzed using

FlowJo. The relative Erk1/2 phosphorylation level was computed

Fig. 1 Illustration of on-chip chemotactic cell selection method. (A)

Using a step-gradient of trypsin/EDTA to pattern ASCs in the upper half

of the microfluidic channel. ETR indicates the extraction target region.

(B) Applying an EGF gradient to induce chemotaxis of patterned ASCs

for 24 h. (C) Using a step-gradient of trypsin/EDTA to extract ASCs

migrated into the ETR.
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as the fold change of mean uorescence intensity of the Erk1/2

staining signal to the negative control without Erk1/2 antibody

staining. The gure presents the average data from 3 indepen-

dent experiments with the error bar as the standard error of the

mean (SEM).

7. Statistical test

Statistical data analysis was performed using Origin soware.

Two-tailed student's t-test was used for two-group data

comparison. The signicance level is dened as: p < 0.05 (*);

p < 0.01(**); p < 0.001(***). A p-value <0.05 was considered

statistically signicant.

Results
1. On-chip selection of chemotactic ASCs

The key objective of the on-chip cell selection method is to

extract the cells that are able to migrate towards a higher

concentration region of the chemoattractant gradient. We call

this high chemoattractant region the “Extraction Target

Region” (ETR). In our previous study, ASCs were randomly

seeded in the microuidic channel for chemotaxis experi-

ment.23 The random cell seeding makes it difficult to separate

the cells that migrated into the ETR from the cells that were

initially seeded in the ETR. For this reason, we patterned ASCs

on one half of the channel by applying a step-gradient of

trypsin/EDTA to remove the cells in the other half of the

channel, which is the ETR in this method (Fig. 1A). We found

this cell patterning method is simple and fast. We anticipate

that this method can be generally useful for patterning

adherent cells.

In the next step, we tested if the seeded ASCs can migrate

more directionally toward a chemical gradient that will allow

subsequent extraction of the chemotactic cells from the ETR.

Considering the slow migration speed of ASCs (several mm h�1

to a few tens mm h�1) and the relatively large dimension of the

gradient region (a few hundred mm),23 we followed ASCs

migration for 24 h (20 min/frame) to allow signicant cell

migration into the ETR. In our previous study, we demonstrated

chemotaxis of ASCs to an EGF gradient using the microuidic

device.23 In the present study, we apply the same EGF gradient

for proof-of-concept.

In this study, the 20 ng mL�1 EGF solution and media alone

were infused into the microuidic channel through separate

inlets. Then the two ows diffuse into each other by continuous

laminar ow mixing to develop an EGF gradient across the

channel width. Therefore, the gradient is stable over time. The

gradient stability was checked over the cell migration experi-

ment. Depending on the exact position along the length of the

channel, the gradient prole can be different. Over each 0.8 mm

length scale under our experimental conditions, the gradient

prole was identical as characterized previously.25 As shown in

Fig. 2 (data from a different experiment than it in Fig. 1 and 3),

cells in most regions below the Y junction along the 10 mm long

channel clearly migrated towards the EGF gradient. We chose

the region between 3 mm and 3.8 mm below the Y junction

consistently for all analysis.

Because the cells were patterned in one half of the channel,

the cells tend to spread into the ETR, where more space is

available, even in the absence of a gradient. To reduce this

bias effect on comparing cell migration with or without a

gradient, we took the starting time point a few hours aer the

migration experiment. More specically, the starting time

point was chosen when cells were observed to uniformly

distribute in the entire channel in an EGF gradient or in the

Fig. 2 ASCs in different regions along the length of the channel during

chemotaxis experiment to EGF. The left panel shows the patterned

ASCs at 0 h of the chemotaxis experiment in different regions below

the Y junction in the microfluidic channel. The middle panel shows the

corresponding regions at the end of the 24 h chemotaxis experiment.

The right panel illustrates the corresponding regions in the Y device

and the directions of flow and EGF gradient.

Fig. 3 Comparison of ASCs migration in an EGF gradient and in

medium control and comparison of chemotaxis to the EGF gradient

between HC and LC. (A and B) Angular histogram show more cells

migrated toward the EGF gradient and comparable number of cells

moving upwards and downwards in the medium control. (C) ASCs in

the EGF gradient has a higher Chemotactic Index than in the medium

control. The cell migration speed is comparable under both condi-

tions. (D) HC has higher Chemotactic Index to the EGF gradient than

LC. The cell migration speed is comparable between HC and LC.

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 6332–6339 | 6335
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medium control. We consistently chose this time point 3–4 h

aer the migration experiment began. The less than 1 h

variation among different experiments is small comparing to

the total 24 h cell migration experiment. When we compared

the migration in an EGF gradient and in medium control

using the entire cell migration period (including the initial

3–4 h), we found higher Chemotactic Index in an EGF gradient

comparing to the medium control. However, this difference is

not statistically signicant. Excluding the rst 3–4 h helps

reduce the effect of the cell's tendency to occupy the empty

space in the channel, which is in the direction toward the EGF

gradient. Indeed, this modied analysis enhanced the

difference of Chemotactic Index between EGF gradient and

medium control.

Comparing to control medium without an EGF gradient,

we found more ASCs migrated toward the EGF gradient as

shown by the angular histogram analysis (Fig. 3A and B).

Consistently, 83% of the cells migrated towards the EGF

gradient whereas only 60% of the cells migrated downward in

the control medium. ASCs show a signicantly higher

Chemotactic Index (C.I.) in the EGF gradient whereas the cell

speed is comparable under both conditions (Fig. 3C).

Furthermore, many ASCs reached the bottom region of the

EGF gradient, where the EGF concentration is higher, at the

end of the 24 h chemotaxis experiment (Fig. 1B and 2). Taken

together, the EGF gradient effectively induced chemotaxis of a

sub-population of ASCs into the ETR. We call the ASCs

migrated into the ETR the “high chemotactic cells” (HC)

(Fig. 1C). By contrast, we call the cells remained in the upper

half of the channel at the end of the chemotaxis experiment

the “low chemotactic cells” (LC) (Fig. 1C).

To extract HC, a step gradient of trypsin/EDTA was applied to

wash off cells in the ETR from the channel and these cells were

then collected at the outlet (Fig. 1C). Aerwards, LC in the low

EGF concentration region of the gradient (upper half of the

channel) were washed off from the channel by applying a

uniform ow of trypsin/EDTA and collected at the outlet. The

extracted HC and LC were cultured for further studies. This

step-gradient of trypsin/EDTA-based method was found effec-

tive for separation and collection of cells of interest.

To conrm that HC has higher level of chemotaxis than

LC, we compared C.I. between HC and LC with the same

chemotaxis experiments. We found that HC had signicantly

higher C.I. than LC. Consistently, 100% of HC but only 40%

of LC migrated towards the EGF gradient. However, their

migration speed was comparable (Fig. 3D). Because cells were

patterned over the upper half of the channel, their initial

positions were not the same relative to the ETR. Therefore, it

would be easier for cells initially seeded closer to the ETR to

migrate into the ETR. If this was the case, HC or LC would not

be truly high or low chemotactic cells as we expected. In this

study, however, we found that the initial positions between

HC and LC is statistically indistinguishable (p ¼ 0.89 in t-

test). Therefore, we can rule out the possibility that the higher

directional migration of HC to the EGF gradient than LC is

due to their initial closer positions relative to the EGF

gradient. These results proved the validity of our on-chip cell

selection strategy.

2. Validation of selected chemotactic ASCs

The results described above demonstrated that chemotactic

cells could be readily separated from non-chemotactic ones

and harvested with our microuidic platform. However, since

the extracted cells went through multiple steps during sepa-

ration and extraction procedures in microuidic device, their

viability and chemotactic property may be lost. In addition, the

directly extracted cell number is insufficient for post-

extraction analysis. Therefore, we want to give time for the

extracted cells to recover from on-chip manipulations and to

test if clonally expanded cells still show difference in chemo-

taxis to EGF. Therefore, we performed experiments to further

assess the proliferation and chemotactic movement of the

extracted ASCs. We found that the extracted HC and LC

proliferated well under the normal culture condition and were

able to produce sufficient clones for further experiments. Next,

we tested the migration of mixture of HC and LC to the EGF

gradient using the microuidic device one week aer extrac-

tion and expansion. Fluorescent labeling of one cell pop-

ulation (HC or LC) allowed us to distinguish HC and LC in the

cell mixture (Fig. 4A). This design avoided possible variations

(e.g. device, gradient condition, growth phase of cells, etc.)

between separate experiments to test HC and LC. We found

that the expanded HC clones maintain the higher chemotactic

ability to the EGF gradient comparing with the expanded LC

clones. This is shown by the angular histogram analysis and

C.I. (Fig. 4B–D). 76% of HC and 48% of LC migrated towards

Fig. 4 Validation of the different chemotactic potential to the EGF

gradient for HC clones and LC clones. (A) A representative image of

mixed HC clones (labeled with cell tracker) and LC clones patterned in

a microfluidic channel for chemotaxis experiment to an EGF gradient.

(B) HC clones have a higher Chemotactic Index to the EGF gradient

than the LC clones. The cell migration speed is comparable between

HC clones and LC clones. (C and D) Angular histogram showmore HC

clonesmigrated towards the EGF gradient (C) and comparable number

of LC clones moving towards and away from the EGF gradient (D).
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the EGF gradient respectively. The cell speed was comparable

between HC clones and LC clones (Fig. 4B).

3. Characterizations of EGFR signaling in selected ASCs

This on-chip method successfully identied and selected the cell

population with higher chemotactic ability to an EGF gradient.

Next, it would be useful to elucidate the potential mechanisms

underlying the chemotactic ability of HC. The comparable migra-

tion speed of HC and LC suggests that the more effective chemo-

tactic migration of HC could not be simply due to the higher

motility of HC. Instead, it was our hypothesis that HC have a

higher level of messengers and receptors involving in chemotactic

signaling than LC in response to the chemoattractant gradient.

Since EGF was used as the chemoattractant in this study, we

examined the level of EGF receptor in HC and LC. Although RT-

PCR results showed no signicant difference of EGFR gene

expression between HC and LC (Fig. 5A and B), surface EGFR

antibody staining and ow cytometric analysis showed that HC

had a higher level of the cell-surface EGFR than LC upon 3 h EGF

stimulation (Fig. 5C). Immunouorescence staining and imaging

shows qualitative difference of EGFR expression inHC and LC (ESI

S1†) Moreover, HC exhibited a higher phosphorylation level of

extracellular signal-regulated kinases 1/2 (Erk1/2) than LC upon 3

h EGF stimulation (Fig. 5D and ESI S2†). EGF stimulation for 1 h or

2 h showed no signicant difference in surface EGFR expression

and Erk1/2 activation between HC and LC. Serum and EGF star-

vation and a higher dose of EGF stimulationmeant to enhance the

difference of EGFR expression and activation between HC and LC.

50 ng mL�1 of EGF for EGFR signaling studies is a very low

concentration relative to those used by others in assessment of

EGFR signal pathway. It is expected that effects of EGF at 50 ng

mL�1 would not signicantly differ from those at 20 ng mL�1.

Taken together, although HC and LC have similar EGFR gene

expression in the resting state, the EGF increased HC's expression

of cell-surface EGFR and enhanced phosphorylation of Erk1/2 in

the downstream of EGFR signaling pathway. As a result, we believe

that activation of EGFR signalling pathway may be responsible for

the higher chemotactic ability of HC to the EGF gradient.

Discussion

ASCs are typically dened by a panel of protein markers.12

Previous study showed that human ASCs express the receptors

for a range of chemotactic factors ranging from growth factors

to chemokines. Chemotactic capacity of human ASCs to these

chemotactic factors have been assessed in vitro using conven-

tional transwell assays.14 Similar chemotactic potential may be

shared by ASCs from vertebrate and rodent origins. However,

the migratory properties of ASCs used for transplantation has

not been characterized. It is likely that the ASCs consist of

highly heterogeneous migratory and chemotactic phenotypes.

Separating chemotactic stem cells from non-chemotactic stem

cells and harvesting the chemotactic ones will have a great

potential to increase the homing of transplanted ASCs to target

organs improving the outcome of cell therapy. The microuidic

method established in this study integrates cell patterning,

chemotaxis, and cell harvest on a single chip. The concentration

gradient generator used in this study can exibly produce a

stepwise gradient of trypsin/EDTA for cell patterning and

extraction or a smooth chemoattractant gradient for chemotaxis

Fig. 5 Characterizations of EGF signaling for HC clones and LC clones. (A and B) RT-PCR analysis shows comparable EGFR gene expression

between HC clones and LC clones. GAPDHwas used as an internal control. (C) Flow cytometric analysis shows that HC clones has higher surface

EGFR expression than LC clones upon EGF stimulation. (D) Phospho flow cytometric analysis shows that EGF triggers higher level of Erk1/2

phosphorylation in HC clones than LC clones.
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experiment. Our results demonstrate that such a simple

method can be used to extract the cells of interest from

heterogeneous cell populations. Moreover, the selected cells

preserve their chemotactic property and viability following ex

vivo expansion. Furthermore, our results suggest that EGFR

signaling pathway may be involved in the chemotactic migra-

tion of ASCs observed in this study. Thus, targeting the corre-

sponding receptor signaling in ASCs for the target

chemoattractant may improve ASC homing for transplantation

applications (e.g. over-expressing the receptor in ASCs to the

chemoattractant identied in the target tissues).

In the current study, we used the previously characterized

EGF gradient to demonstrate this on-chip chemotactic ASCs

selection method. Evidently, this approach can also be used to

select chemotactic ASCs responding to other chemoattractants

or other types of chemotactic stem cells (e.g. human ASCs as

described in ESI S3†). In additional to using known chemo-

attractants, unknown attractant sources such as supernatant

derived from injured tissues can be investigated in this method

to select chemotactic stem cells specic to target organs (ESI

S4†). Thus, we believe that the cell selection strategy developed

in this study has a very wide range of applications and use of

this technique may signicantly improve outcomes of cell

therapy.

On the other hand, the current method denitely has room

for improvement, especially in its performance and capability.

First, the cell patterning technique can be optimized (e.g.

determine the optimal trypsin/EDTA concentration and infu-

sion time) to ensure complete removal of cells in the ETR.

Second, the cell selection step may need to be repeated to

further select the high chemotactic cell population. Moreover,

this method can be improved so that chemotactic cells sensitive

to multiple chemotactic factors can be harvested. Third, the

current version of our microuidic chip can be improved to

increase the throughput of cell selection and harvest. This can

be achieved by integrating a large number of cell selection

modules on a single chip, which will not only allow large-scale

cell selection, but also avoid possible phenotypic or/and geno-

typic changes of the selected cells during expansion. Moreover,

large-number cell-selection modules will also permit simulta-

neous selections of different cell populations. Finally, new

techniques can also be used to obtain single cell populations for

biological studies. Possible strategies for single cell selection

may include using a microuidic microinjector to locally detach

a target cell,29,30 or using a microuidic “racing” design to select

the fastest cell to reach the chemoattractant source.31,32 In

conclusion, our developed microuidic strategy is effective in

selection and harvest of chemotactic cells to chemoattractants

of interest. It is our expectation that use of this approach can

signicantly improve therapeutic benets of stem cells.
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