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Microfluidic Isolation of CD34-Positive Skin Cells
Enables Regeneration of Hair and Sebaceous Glands
In Vivo
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ABSTRACT

Skin stem cells resident in the bulge area of hair follicles and at the basal layer of the epidermis are
multipotent and able to self-renewwhen transplanted into full-thickness defects in nudemice. Based
on cell surfacemarkers such as CD34 and thea6-integrin, skin stem cells can be extracted from tissue-
derived cell suspensions for engraftment using the gold standard cell separation technique of
fluorescence-activated cell sorting (FACS). This paper describes an alternative separationmethod us-
ing microfluidic devices coated with degradable antibody-functionalized hydrogels. The microfluidic
method allows direct injection of tissue digestate (no preprocessing tagging of cells is needed), is fast
(45 minutes from injected sample to purified cells), and scalable. This method is used in this study to
isolate CD34-positive (CD34+) cells frommurine skin tissue digestate, and the functional capability of
these cells is demonstrated by transplantation into nude mice using protocols developed by other
groups for FACS-sorted cells. Specifically, the transplantation ofmicrofluidic isolatedCD34+ cells along
with dermal and epidermal cells was observed to generate significant levels of hair follicles and se-
baceous glands consistent with those observed previously with FACS-sorted cells. STEM CELLS
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INTRODUCTION

The regenerative capability of stem cells and pro-
genitor cells derived from various tissue types is
well established and harnessed in early clinical tri-
als in some areas, including repair of myocardium
using cardiac progenitor cells and chronic wound
treatment using bone marrow-derived mesenchy-
mal stem cells [1–3]. Skin is one of few organs in
mammals that constantly undergoes self-renewal
and repair [4]. It is composed of two layers: an out-
er epidermal layer and an inner dermal layer. The
epidermis is a multilayered structure consisting al-
most entirely of keratinocytes,whereas thedermis
is primarily made up of fibroblasts [5].

The adnexal structures of skin include hair fol-
licles, sebaceous glands, and sweat glands [5]. The
hair follicle is a complex structure extending from
deep within the dermis to the surface of the epi-
dermis [6]. Each hair follicle goes through three
major cyclic phases for self-renewal and hair
growth, termed anagen, catagen, and telo-
gen [4]. This continuous regenerative activity
ismediated by stemcells that reside in the bulge
area of hair follicles and at the basal layer of
the epidermis [4]. The markers associated with
these cells in both human andmurine skin include
CD34, the a6-integrin, K14, K15, LGR5, Lgr6, Sca1,
and Lrig1 [4, 5, 7–11]. It is well known that tissue-
derived hair follicles can be implanted into full-

thickness dorsal skin defects in nude mice as
a means to recapitulate and observe hair follicle
development in vivo [6]. Recent work by several
groups has built on this model to demonstrate
that the transplantation of CD34-positive (CD34+)
stem cells into such defects can result in the gen-
eration of interfollicular epidermis, hair follicles,
and sebaceous glands [12–15]. Importantly, such
regenerative activity required the transplanta-
tion of fresh dermal cells together with the CD34+

stem cells [4, 15], but the former alone could not
achieve notable levels of structure generation
[4, 15]. Consequently skin-derived CD34+ stem
cells are associated with multipotency and self-
renewal ability [4, 15].

The standard method of isolating CD34+ skin
stem cells is fluorescence-activated cell sorting
(FACS). Although magnet-activated cell sorting
(MACS) has also been used to obtain these cells,
FACS ismore commonbecauseof its high sensitiv-
ity [4, 5, 16]. Although both FACS and MACS are
reliable and well established, both techniques re-
quire prelabeling of cells with fluorescent ormag-
netic antibody tags and multiple steps of wash
and centrifugation prior to selection of the
CD34+ cells, all of which typically requires a mini-
mum of 1 hour followed by an additional 30
minutes to 1 hour for sorting [4, 5]. These prepro-
cessing steps prior to cell sorting typically result in
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reduced overall cell viability. In contrast, the microfluidic ap-
proach eliminates cell prelabeling process entirely, and the total
time for cell isolation, from sample injection to completed elution
of purified cells, is approximately 45minutes. Themicrofluidic ap-
proach requires preparation of devices; however, these devices
have the additional advantage of being able to be produced in
large numbers and then stored until they are needed so that
no additional preparation time is needed prior to cell isolation.

In summary, the major advantages of microfluidic approach
relative to FACS and MACS are shorter overall processing time
(typically 45 minutes from sample to purified cells) to preserve
cell viability and minimize cell loss; scalability to easily process
large volumes of sample in parallel fashion, as opposed to serial
operation (a significant limitationof FACS); and simplicity in terms
of the device and its operation (the separation involves only three
fluid-injection steps), facilitating its use outside of laboratory
settings.

Our group recently developed amethod for cell isolation that
requires no preprocessing and no attachment of fluorescent or
magnetic tags onto the cells and that reduced overall processing
time. This method involves the use ofmicrofluidic devices coated
with a degradable, antibody-functionalized hydrogel. Cells
expressing the target antigen are captured by optimizing sample
flow rates to ensure optimal binding froma complex sample, such
as whole blood. Following a wash step to remove unbound sam-
ple cells andothermaterial, the target cells are isolatedbydissolv-
ing the coating under mild conditions [17, 18]. The hydrogel
coating is a copolymer of alginate and polyethylene glycol (PEG),
both of which are well-known and well-characterized implantable
biodegradable polymers [19, 20]. On dissolution of the coating,
the purified cells retain the capture antibody and some fragments
of alginateandPEG.However, the retentionof theseentitieson the
cell surfacedoesnot affect invitro culturabilityor, asdemonstrated
in the present work and in another recent publication from our
group [21], the in vivo functionality.

In terms of microfluidic device design, we recently described
the use of a two-stage version of the above system to enrich
CD34+ stem cells from mouse epidermis [22]. The first stage
was used to deplete CD71+ nonstem cells frommurine epidermal
cell suspensions. In the second stage, the device was coated with
the degradable hydrogen functionalizedwith an antibody against
CD34 topositively select CD34+ stemcells in the released cell pop-
ulation (Fig. 1A, 1B). In this initial demonstration, the purity of re-
leasedCD34+ cellswas around55%, and recovered cells remained
viable and formed colonies with characteristic morphologies in
vitro [22]. In the present study, we describe enhancements to
our prior approach that result in significantly higher purity of
the CD34+ population and demonstrate the functional ability of
these enriched cells in terms of hair follicle and sebaceous gland
formation in vivo.

MATERIALS AND METHODS

Preparation of Epidermal Cell Populations From
Adult Mice

Wild-typeC57BL/6 mice (male; Charles River Laboratories Inter-
national, Inc., Wilmington, MA, http://www.criver.com) aged
6–8 weeks were used to isolate epidermal cell populations. All
animals were housed following institutional animal care and
use committee (IACUC) regulations at Northeastern University.

Epidermal cell harvest and tissue digestion were carried out
according to the protocol described by Nowak and Fuchs [4].
Next, the epidermal skin digestate was passed through a series
of filters at sizes of 40 mm (twice) (Fisher Scientific International,
Hampton, NH, http://www.fishersci.com) and 20mm(once) (Par-
tec North America, Swedesboro, NJ, http://www.partec.com).
Cells were collected after they were flowed through each filter,
and centrifuged at 500g for 8 minutes. Supernatant was dis-
carded, and the resulting cell pellet was resuspended in serum-
free medium (Dulbecco’s Modified Eagle’s Medium: Nutrient
Mixture F-12 [DMEM:F12] at a 1:3 ratiowithout calcium [custom-
ized product]; Invitrogen-Life Technologies, Grand Island, NY,
http://www.lifetechnologies.com) prior to cell separation ex-
periments or cell transplantation experiments.

Preparation of Dermal Cell Populations From
Postnatal Mice

BALB/C postnatal day 1 pups were used to acquire dermal cell
populations for in vivo transplantation. All animals were housed
following IACUC regulations at Northeastern University. The
BALB/C strain was chosen as the source for dermal cells based
on our intent to follow a well-established protocol [15] for com-
parison of in vivo functionality between our microfluidic cell sep-
aration technique with FACS-based studies.

Isolation of dermal cells was performed following the proto-
col described by Jensen and coworkers [5]. Briefly, skin of five
pups was floated in dispase-trypsin solution to separate the der-
mis from the epidermis [5]. The dermis was further digested in
0.25% collagenase solution for 1 hour, and the resulting tissue
digestate was filtered through a 70-mm filter (Fisher Scientific).
The cell suspension obtained was centrifuged at 500g for 8
minutes to collect cell pellets, and the pellets was resuspended
in serum-free medium (DMEM:F12 at 1:3 ratio without calcium;
Invitrogen; customized product) on ice until the time for in vivo
cell transplantation.

Microfluidic Device Design

A two-stage microfluidic device design was applied to this study,
as described inourpreviouswork [22]. The first stagewas adevice
to deplete CD71+ cell populations in epidermal cell suspensions,
and the second stage was designed to capture CD34+ stem cells
in the cell mixture (Fig. 1A, 1B). In the first-stage device, silane
chemistry was used to covalently bind CD71 antibody (catalog
no. 14-0711; eBioscience Inc., San Diego, CA, http://www.
ebioscience.com) onto the channel surface, and the second-
stage device used a degradable antibody-functionalized hydrogel
coating [22].

Microfluidic Device Fabrication: Soft Lithography

Microfluidic devices were fabricated via standard polydimethyl-
siloxane-based soft lithography [23], as described in prior work
[17, 18].

Improvement of Microfluidic Surface Functionalization

Inorder to increase the specificity of alginate-antibody coating for
stem cell capture, the following improvements were made when
antibody was immobilized in alginic acid for the second-stage
devices. First, the pH of the 4-morpholineethanesulfonic acid
(MES) buffer (Thermo Scientific Pierce, Rockford, IL, http://
www.piercenet.com;) was adjusted to 6.0 using NaOH particles
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(Sigma-Aldrich, St. Louis, MO, http://www.sigmaaldrich.com)
for better preservation of functional CD34 antibodies in all steps.
The mixing procedure occurred at room temperature: 22.5 mg
of 4-arm PEG amine (molecular weight: 10 kDa; Laysan Bio,
Arab, AL, http://www.laysanbio.com), 4.8 mg of 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC), 13.2
mg of N-hydroxysulfosuccinimide (Sulfo-NHS; Thermo Scientific
Pierce), and 45 mg of alginic acid (Sigma-Aldrich) were stirred
in 2 ml MES buffer in an Ultra-Turrax tube drive (IKA Works,
Inc., Wilmington, NC, http://www.ika.com) at maximal speed
for 30 minutes. After an incubation period of 1 hour, the PEG-
alginic acid solution was stored at 4°C.

Prior to the surface modification described below, each de-
vice was filled with a 1 g/ml solution of calcium chloride in
double-distilled water and incubated overnight. On the day of
cell-isolation experiments, the calcium chloride solution was as-
piratedusingadry1-ml syringe, andalginic acid solutionwashand
injected into each device and incubated for 45 minutes at room
temperature. An antibody solution was prepared by adding 7.5 mg
of anti-mouse CD34 purified antibody (catalog no. 14-0341;
eBioscience), 0.6 mg of EDC, and 1.65 mg of Sulfo-NHS in
100 ml of MES buffer. All second-stage devices requiring surface
functionalization were connected serially, then the antibody so-
lutionwas injected inside at a flow rate of 10ml/minute for 100ml
using a Harvard Apparatus PHD 2000 syringe pump (Harvard
Apparatus, Holliston, MA, http://www.harvardapparatus.com).
After another incubation of 45 minutes, MES buffer (pH 6.0)

containing 10 mM CaCl2 was injected through the second-stage
devices at the same flow rate using a syringe pump. The devices
were then immediately used in cell-capture experiments.

Microfluidic Isolation of CD34+ Stem Cells

To ensure the sterility of cell-isolation process, all surfaces and
instruments were wiped once with Wex-Cide (“Ready To Use”
format; Wexford Laboratories, Kirkwood, MO, http://www.
wexfordlabs.com), followed by another wipe with 2-propanol.
Surfaces cleaned in this way included the bench top, the Harvard
Apparatus PHD 2000 syringe pump, the pump rack, and the tube
rack (Fig. 1A). All connecting tubing and tools contacting the
microfluidic devices were autoclaved at 121°C and 15 psi before-
hand. As soon as the cellswere released frommicrofluidic devices
and collected in 10-ml centrifuge tubes, the tubes were capped
and transferred to a class II biological safety cabinet for subse-
quent steps.

Tissue-derived epidermal cells at 13.23 105 cells permilliliter
were loaded into 1-ml syringes (Becton, Dickinson and Company,
Franklin Lakes, NJ, http://www.bd.com) filled to a volume of
0.4ml. Ten syringesof cell suspensionwereclampedontoa10-port
Harvard Apparatus PHD 2000 syringe pump. Cells were flowed
into 10 two-stage devices at 3 ml/minute and a total injected
volume of 50 ml, followed by a rinsing step using serum-free
medium at 5 ml/minute and a total volume of 50 ml. A total of
6.63104 cells passed through two-stagedevices. Thecells flowed

Figure 1. Experimental setup ofmicrofluidic cell separation and in vivo surgery. (A): The epidermal cell population was loaded in 1-ml syringes
and flowed to devices via tubing. Flow rate was controlled using a pump, and released cells were collected in a 1.5-ml centrifuge tube. (B): A
zoom-in viewof themicrofluidic device, which consists of two stages. The first stage of the device is to deplete CD71-positive nonstem cells from
theepidermal cell population, and the second stageof thedevice is toenrichCD34-positive (CD34+) stemcells. Theenriched stemcell population
was collected ina1.5-ml centrifuge tube. (C):The6-mm-diameter full-thickness skindefectswere createdon thedorsal sideof aNu/Numouse.A
silicone grafting chamber was inserted under the skin defect and secured by two Autoclips. (D): Amixture of microfluidic-enriched CD34+ stem
cells, unenrichedepidermal cells, andnewborndermal cells basedon six different groups (Table1)were injected into thegraft sitesof skindefect
via the grafting chamber. Green food dye represents cell suspension and is only for the purpose of illustration.
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through in sample effluent were discarded. After the rinsing step,
the first- and second-stage devices were disconnected from each
other. Cells captured in the second-stage devices were released
by flowing 50 mM EDTA (in distilled water; Sigma-Aldrich)
through devices at 15 ml/minute and 300-ml total volumes. Re-
leased cells were collected in a tube containing 3 ml culture me-
dium supplemented with 15% chelated fetal bovine serum (FBS)
to neutralize EDTA. Themedium volumewas set at a ratio of 10:1
relative to the EDTA volume to minimize the effect of EDTA
on cells. Collected cell suspension was centrifuged at 500g for
8 minutes and resuspended in staining buffer (phosphate-
buffered saline [PBS] with 2% calcium-free chelated FBS) either
for flowcytometry analysis or directly applied to in vivo transplan-
tation experiments. Details on preparation of chelated FBS can
be found in Nowak and Fuchs’s protocol [4].

Flow Cytometry Analysis to Determine CD34+

Cell Population

Each cell specimen was collected from three two-stage devices,
which yielded approximately 3,000 cells (1,000 cells per device).
Cell specimens were incubated with FITC-conjugated anti-mouse
CD34 antibody (catalog no. 11-0341; eBioscience) following the
protocol described in our previous work [22]. Flow cytometry
analysis was carried out using a Beckman Coulter Quanta SC
bench-top flow cytometer (Beckman Coulter, Brea, CA, http://
www.beckmancoulter.com). Cell viability was assessed using
propidium iodide (BD Biosciences, San Jose, CA, http://www.
bdbiosciences.com) by adding 5ml of dye into each cell specimen
1 minute prior to flow cytometry.

In Vivo Cell Transplantation

Male Nu/Nu mice aged 7 weeks were used as recipients in cell
transplantation experiments. All animals were housed following
IACUC regulations at Northeastern University. Mice were anes-
thetized using isoflurane inhalant (3%–5%) administered with
100% O2. The 6-mm-diameter full-thickness skin defects were
createdon thebacks ofNu/Numice [24]. A silicone grafting cham-
ber (Renner GMBH, Maulbronn-Schmie, Germany, http://www.
renner-pumpen.de) was then inserted under the skin defect with
its dome covering the wound, and the chamber was secured by
two Autoclips (MikRonPrecision Inc., Gardena, CA) (Fig. 1C) [5].
Previously isolated cell populations were mixed and injected into
the chamber on each mouse at 53 106 dermal cells, 33 106 un-
enriched epidermal cells, and 105 microfluidic-enriched CD34+

cells, according to six different study groups (Fig. 1D). Following
survival of surgery, buprenorphine at 0.07mg/kg was injected in-
tomice subcutaneously twicedaily for up to3days asneeded, and
silicone chambers were removed from the backs of Nu/Nu mice
after 7 days. At the 40-day study endpoint, Nu/Nu mice were
sacrificed using CO2, and the graft site of the full skin defect was
harvested.

Tissue Preservation

Pieces of full skin graftswere fixed in 4%paraformaldehyde in PBS
(Thermo Scientific Pierce) overnight at 4°C and then were trans-
ferred to 20% sucrose in PBS for 24 hours. Next they were trans-
ferred to 30% sucrose in PBS for 2 days until the tissue was
submerged. Skin grafts were then embedded in Tissue-Tek OCT
compound (Electron Microscopy Sciences, Hatfield, PA, http://
www.emsdiasum.com/microscopy), being sectioned to 30-mm

thickness using a Leica cryostat (Leica Microsystems Inc., Buffalo
Grove, IL, http://www.leicabiosystems.com), and were mounted
onto Superfrost Plus Gold slides (Electron Microscopy Sciences).

Histology

Tissue sections were stained with hematoxylin and eosin using
Gill III hematoxylin and Oil Red O staining according to standard
protocols for frozen sections. In Oil Red O, Harris-modified hema-
toxylin solution (Sigma-Aldrich) was used to stain cell nuclei.
Air-dried slides were mounted in mounting medium (Vector Lab-
oratories, Burlingame, CA, http://www.vectorlabs.com) and cov-
ered with coverslips to be observed under a light microscope.
Lengthandwidthofhair follicles, shafts, and sebaceousglandcov-
erage were measured using ImageJ software (National Institutes
of Health, Bethesda, MD, http://imagej.nih.gov/ij/).

Statistical Analysis

For quantitative measurements of hair shafts and sebaceous
gland coverage, at least four samples were used for each group
(Table 1). Data were expressed asmean6 SD. A one-way analysis
of variance (ANOVA) was performed between various groups. If
statistical difference was determined by one-way ANOVA, the
Student-Newman-Keuls test was performed to determine the
statistical significance (p, .05, p, .01) between two individual
groups.

RESULTS

Microfluidic Isolation of CD34+ Stem Cells

The primary component of our microfluidic separation system is
the degradable hydrogel coating used to capture the CD34+ cells.
This hydrogel is a copolymer of alginic acid and PEG, which, like
homopolymer alginate hydrogels, is a viscous liquid that trans-
forms into a semisolid gel on contact with calcium ions. Exposure
of the gel to a calcium chelating molecule such as EDTA can
reverse this transformation. Our cell-isolation method involves
adsorbing the gel precursor within the microfluidic devices and
then forming the gel by flowing a solution of calciumchloride. Fol-
lowing capture of a target cell type and awash step, captured cells
are recovered by flowing an EDTA solution through the device.

In order to increase thepurity of theCD34+ cells isolatedusing
our two-stage approach, we improved the surface chemistry of
the antibody-hydrogel complex in the second-stage devices by
incorporating the following considerations (details provided in
Materials andMethods). First, theMES buffer used to store com-
ponents of thehydrogel (i.e., alginic acid andPEG)andcause them
to react using carbodiimide chemistrywasmodified using sodium
hydroxide to have a pH of 6.0. Second, rather than cause the
alginic acid, PEG, and capture antibody to react prior to adsorp-
tion of the pregel solution within the microfluidic devices,
as we did in our prior work, the antibody solution was flowed
after the pregel material was adsorbed within the microfluidic
channels.

The original tissue digestate contained 8.0% 6 0.1% CD34+

cells. In our prior work, we described enrichment of the CD34+

fraction to 56%6 5% [22]. Onmaking the improvements summa-
rizedaboveanddetailed inMaterials andMethods, our two-stage
configuration provided a purity level of 82% 6 2%, significantly
higher (p, .01) than in our prior work (Fig. 2). The original tissue
digestate had an overall cell viability of 63% 6 1%, and the
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viability of the microfluidic isolated CD34+ cells was identical,
namely, 63% 6 1%.

In Vivo Transplantation of CD34+ Stem Cells Isolated via
Microfluidic Method

In order to evaluate in vivo function of CD34+ stem cells isolated
using our microfluidic method, these cells weremixed with other
cell types, and several control groups were added to the study. A
total of six study groupswere included in this project (Table 1). As
described above, dermal cells have been identified as an essential
component for the survival of transplanted CD34+ cells [4, 15]. To
compare the results of our studywith prior work by other groups,
our experimental design mirrored that of transplantation studies
described by other groups in which mixed suspensions of dermal
cells, unenriched epidermal cells, and FACS-sorted enriched
CD34+ stem cells were transplanted into nudemice [4, 5]. Groups
A andB are twonegative control groupswith either no cells trans-
planted (group A) or only neonatal dermal cells transplanted
(group B). Nu/Nu mice typically do not have visible hair on the
back, but a small amount of short hair can be seen in a small num-
berof thesemice.We includeexamples ofNu/Numice freeof sur-
gery in group F as another negative control group that shows the
degreeof hair nudemice canhavenaturally. Largeamounts (∼106

cells) of dermal cells and unenriched epidermal cells are two key
components for the successful transplantation of skin grafts, and
these are represented in group C. The inclusion of CD34+ cells iso-
lated using our microfluidic method with the cells of group C is
defined as group D. A large number of unenriched epidermal cells
(106 cells) usually accompanied CD34+ stem cells (105 cells) in skin
grafts for successful transplantation unless∼106 stemcells canbe
collected to substitute the mass population of the former unen-
riched epidermal cells [5, 15]. An additional group, group E, was
defined as having all of the component cells of groupD except the
unenriched epidermal cells, to examine and compare the role of
these cells.

Figure 3 shows side-view dorsal skin photographs of recipient
nude mice taken 40 days after transplantation surgeries. Full-
thickness skin defects were healed in all six groups. Groups A
and B did not show any hair at the transplantation sites. Group
F animals showed short hair grown on the back of nudemice nat-
urally. Longer hairwas observed on animals fromgroups C, D, and

E, but groupD animals had the longest and densest hair growth at
the transplantation site.

Analysis of Hair Follicles and Hair Shafts at
Transplantation Site

Hair follicles and hair shafts are the key features of a successful
skin graft, and these structures were examined by histological
staining, as shown in Figure 4. Skin tissue from group A and B ani-
mals did not contain any observable hair follicles or hair shafts. In
contrast, tissue samples fromgroupsC,D, E, and F contained vary-
ing levels of hair follicle andhair shaft structures (Fig. 4A). In terms
of the average width of hair shafts, group C had a width of 516
5mm,which is narrower than thatofgroupD (73613mm;p, .05)
(Fig. 4B). GroupD also hadwider hair shafts on average relative to
group E (456 8 mm; p, .05) and group F (436 3 mm; p, .01).
The width of hair follicles was measured at the bulb area located
at the bottom of individual hair follicles. Group F had an average
follicle width of 63 6 11 mm, which was the narrowest width
across all of the study groups (Fig. 4C). By comparison with this
control group, the average follicle widths for groups E, D, and C
were wider, at 80 6 11 mm (p , .01), 79 6 16 mm (p , .05),
and 776 6mm(p, .01), respectively.When analyzing the length
of hair follicles, no single group had dominantly longer follicles
than the other groups (Fig. 4D). Group D had an average follicle
length of 1,004 6 66 mm, longer than that of group C (862 6
42 mm; p , .01) and group F (839 6 123 mm; p , .01). Group
Ehada follicle lengthof1,065686mm,which is longer than those
of group C (p, .01) and group F (p, .01). In summary, with both
the participation of CD34+ microfluidic-enriched stem cells and
unenriched epidermal cells, group D had the widest hair shaft
in skin grafts and longer hair follicles than groups C and F. With
the effects of microfluidic-enriched CD34+ stem cells and dermal
fibroblasts, group E had a longer length of follicles than groups C
and F. The natural skin of nude mice had the narrowest width of
hair follicles among all study groups.

Sebaceous Glands at Transplantation Sites

Sebaceous glands are connected to hair follicles and secrete an
oily substance called sebum. Sebum also travels to skin surfaces

Figure 2. A two-stage microfluidic device with improved antibody
density on thedevice surface enrichedCD34+ stemcells in highpurity.
When antibody was rearranged and concentrated on the top surface
of hydrogel inside the second-stage microfluidic device, the purity of
collected CD34+ stem cells reached 826 2% (mean6 SD). This purity
level is significantly higher than our previous two-stage device design
[22] (n = 4 per group, p, .01). Abbreviation: CD34+, CD34-positive.

Table 1. Study groups used in the in vivo experiments

Profile

Group

A B C D E F

Nu/Nu full skin defect √ √ √ √ √

Dermal cells √ √ √ √

Unenriched epidermal cells √ √

Microfluidic-enriched CD34+

stem cells
√ √

Normal Nu/Nu skin without
defects

√

Group A consisted of nude mice with 6-mm full-thickness skin defects.
Group B mice had only newborn dermal cells injected into the defect
site. Group C mice had unenriched epidermal cells injected together
with dermal cells into the defect area. The skin defects of group D mice
had a combination of microfluidic-enriched CD34+ stem cells,
unenriched epidermal cells, and newborn dermal cells transplanted
inside. Group E had only microfluidic-enriched CD34+ stem cells in
addition to the dermal fibroblasts in skin defects. Group F is the normal
Nu/Nu mice without any surgery or skin defects.

1358 Microfluidic Enrichment of Skin Stem Cells

©AlphaMed Press 2014 STEM CELLS TRANSLATIONAL MEDICINE



to protect the skin barrier. Oil Red O staining was used to stain
sebum and characterize sebaceous gland formation in each study
group (Fig. 5). Groups C, D, and E showed sebaceous glands sur-
rounding hair follicles (Fig. 5A), and sebum was observed on the
surface of the skin of animals from these groups. Tissue samples
from nude mice (group F) contained sebaceous glands, whereas
groups A and B did not show any staining for sebaceous glands.
In terms of sebaceous gland coverage, as measured by Oil Red
O stain coverage in each image, group D had average sebaceous
gland coverage of 46% 6 4%, significantly higher than that of
Group E (32% 6 8%) and group F (34% 6 9%; p , .05 for both)
(Fig. 5B). Sebaceous gland coverage in group C was not signifi-
cantly different from that of other groups.

DISCUSSION

The objective of this study was to demonstrate the in vivo func-
tional efficacy of CD34+ skin stem cells purified using our affinity-
based microfluidic method. We used well-known protocols for
transplantation along with an improved version of our previously
described separation system. Our previous two-stage system de-
vice enriched CD34+ cells contained in murine skin tissue diges-
tate from a starting level of approximately 8% to approximately
56% [22]. To increase the purity of CD34+, we modified the
method of fabricating the antibody-alginate complex in the
second-stage device. In the previous method, CD34 antibodies
were mixed within the PEG-alginate solution prior to application
of this gel-coating precursor onto the microfluidic device surfa-
ces. With this approach, a significant quantity of antibody is con-
tained within the coating and not exposed to the surface and
thus is not available to capture target cells. With the modified
technique used in the present study, the antibody was added
following adsorption of the gel precursor on the surfaces of the
second-stage devices at higher concentration (0.075mg/ml). This
change resulted in a greater level of target cell capture and signif-
icantly higher purity (82%). Although this purity level is below that
reported for FACS-based purification of these cells (∼94% [5]),
further improvements in the design of the microfluidic system,
such as increased density and controlled orientation of the

capture antibodies, are expected to allow higher purity levels
to be attained. In terms of recovery metrics, approximately
6.63 104 cells from the tissue digestate were injected into each
first-stage device, of which 8%, or 5.3 3 103 cells, were CD34+;
of the ∼1,000 cells collected from each second-stage device at
the end of the separation process, approximately 82% (around
820 cells) were CD34+. This translates to a recovery rate of around
16%, reflecting the compromisemade in optimizing themicroflui-
dic system for purity and overall simplicity.

In the present study, 10 two-stage devices were used to
obtain approximately 10,000 purified CD34+ cells from each run.
Although these runs were performed with manually loaded
syringes, our group and others have developed automated sys-
tems for fluid pumping into banks for 20–40microfluidic devices.
The advantage of such systems is the consolidation of the sample
and all reagent reservoirs into single locations and an automated
operation (enabled by various automation systems) that does
not require anyuser actions beyond initiationof theprocess. Such
systems are not intrinsically limited in the number of devices for
which they are designed, and depending on needs and frequency
of use, systems capable of operating more than 40 devices can
easily be designed. For the cell types examined in this study, an
automated and scaled-up system with 40 devices could produce
four times as many cells in one run as in the present study,
specifically ∼40,000 CD34+ cells.

For in vivo transplantation, CD34+ epidermal stem cells were
isolated from wild-type C5BL6 mice. In similar work by other
groups, green fluorescent protein-labeled CD34+ cells from trans-
genic mice [5, 15] were typically used along with FACS to isolate
these cells. Although the use of such transgenic models greatly
simplifies sorting and imaging of these cells, our objective was
to recapitulate the functional abilities of these cells using CD34+

cells from a wild-type source to validate our cell-separation
technique.

The formation of key structures such as hair follicles and hair
shafts is a key indicator of successful skin stem cell transplanta-
tion. In this study, the full-thickness skin defects in groups A
and B healed, but no hair growth was observed (Fig. 4A). The ad-
dition of epidermal cells and dermal fibroblasts resulted in some

Figure 3. Groups C, D, and E had visible hair outgrowth from the skin defect sites. Group D, with the injection of both microfluidic-enriched
CD34-positive stem cells and unenriched epidermal cells, had the most extensive hair growth among all groups. Without the epidermal cell
population, the wound healed in groups A and B, but no hair was formed. Group F shows the extreme case of natural hair in Nu/Nu without
surgery. A thin layer of hair can be seen on the dorsal skin of nude mice.
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hair growth, but when combined with CD34+ cells isolated using
our microfluidic method (group D), the observed hair growth
and hair shaft width was significantly greater (Fig. 4B). Although
CD34+ cells isolated viamicrofluidics were present in both groups
D and E, the hair growth observed in the latter was similar to
groups without these cells. This distinction highlights the impor-
tant role of the unenriched epidermal cells that are present in
group D but not group E, consistent with the observations of
others made using FACS-sorted cells [5].

The hair follicles in groups C, D, and E were wider than their
natural counterparts in nudemice, as shown in the control group F.
In addition, the average width of hair follicles in our study

groups was between 60 mm and 80 mm, close to the average
width (90mm) of natural hair in nudemicemeasured by Asakawa
and coworkers [25]. With the addition of microfluidic-enriched
CD34+ stem cells, groups D and E had longer hair follicles than
groups C and F individually. The average length of hair follicles
across all four groups was approximately 900 mm (Fig. 4D),
shorter than the 1,600-mm average length reported by Asakawa
and coworkers [25]. In that study, the hair follicles were divided
into three types based onmorphology, and only the “awl” type of
hair follicles were measured by length. In our study, all hair fol-
licles, regardless of their appearance, were included in the length
measurement.

Figure4. Follicles andoutgrownhairwereobserved inNu/Numouse skindefect areas in groupsC,D, andE. (A):Hematoxylin andeosin staining
showedhealingof skindefects in groupsAandB.GroupsC,D, andEhadvariousdegreesof follicle andhair formation indefect areas.GroupFhad
follicles and hair shafts on the dorsal skin of the natural nude mice. (B):With the transplantation of both microfluidic-enriched CD34-positive
(CD34+) cells and unenriched epidermal cells, group D had the widest hair shafts grow in defect areas (n = 6, mean6 SD; p, .05 versus
group C; p, .05 versus group E; p, .01 versus group F). (C):Groups C, D, and E had similar width of hair follicles in skin grafts, but all of their
hair follicles werewider than the natural skin of nudemice in group F (n = 8,mean6 SD; p, .01 groups C and E versus group F, respectively;
p , .05 group D versus group F). (D): With both effects of microfluidic-enriched CD34+ cells and unenriched epidermal cell population,
group D had longer hair follicles than groups C and F, respectively (n = 8, mean 6 SD; p , .01). With microfluidic-enriched CD34+ cells
and dermal fibroblasts, group E still had longer hair follicles than group C (with injection of only unenriched epidermal cells and dermal
fibroblasts) (p, .01) and group F (the natural hair of nude mice) (n = 8, mean6 SD, p, .01, respectively). Scale bar = 250 mm (groups A–F).
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Sebaceous glands are an important supportive component
of skin. The engraftment of the dermal cell population alone
(group B) did not regrow this gland in skin graft sites, whereas
the addition of epidermal cells regenerated sebaceous glands in
groups C, D, and E (Fig. 5A). Our Oil Red O staining data are consis-
tent with those reported by Blanpain et al., in whose study FACS-
sorted CD34+ stem cells grew sebaceous glands in skin grafts of
nude mice [15]. Furthermore, the locations of sebaceous glands
in our study were similar to those reported by Sato et al. [26] and
Cui et al. [27]. These glands were observed adjacent to hair fol-
licles, and sebum traveled to the skin surface via hair shafts.
Few studies show the fraction of sebaceous gland coverage in
different groups of skin grafts. In this study, our semiquantitative
measurements (Fig. 5B) indicated that sebum coverage in groups
C, D, and E was similar to that in the natural skin of nude mice
(group F), a desirable result from the standpoint of transplantation.

Taken together, the hair follicle and sebaceous gland data in
our study suggest that microfluidic-enriched CD34+ stem cells
were able to regenerate hair similar to the natural hair of nude
mice. When the enriched CD34+ stem cells were combined with
unenriched epidermal cells, this group had the widest hair

shafts, long hair follicles, and highest sebaceous gland coverage
in skin grafts. These data indicate that themicrofluidic-enriched
CD34+ stem cells contributed significantly to hair regeneration
in full-thickness skin defects on nude mice. Our results fur-
ther demonstrate that the functional in vivo capabilities of
microfluidic-enriched cells are equivalent to those of FACS-
sorted cells used by other research teams, a finding that repre-
sents an important validation of the microfluidic cell-isolation
method. Considering the relative speed of the microfluidic tech-
nique (45 minutes from sample injection to CD34+ cell elution),
the absence of preprocessing in the form of cell tagging, and
the ability to automate and scale this technique, this approach
to cell isolationmay enable broader translational use of stemcells
resident in tissue.

CONCLUSION

This paper describes a two-stage microfluidic system to enrich
CD34+ stem cells from mouse skin, with high purity. Compared
with the standard FACS and MACS technologies, microfluidic

Figure5. GroupsC,D, andE regenerated sebaceous glands, an important component of skin. (A):Oil RedOstaining showed that groupsAandB
did not form sebaceous glands in the healed area of skin defects. Groups C, D, and E regenerated sebaceous glands, and sebum secretion was
observed on the skin surface. The skin samples from nudemice (group F) also showed sebaceous glands. (B):When both microfluidic-enriched
CD34-positive (CD34+) stem cells and unenriched epidermal cells were transplanted into skin defects together with dermal fibroblasts, group D
had higher sebaceous gland coverage relative to group E (microfluidic-enriched CD34+ stem cells and dermal cells only) and group F (the natural
skin of nude mice) (n = 10 per group, mean6 SD; p, .01, respectively). Scale bar = 250 mm (groups A–F).
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devices minimize the processing time of stem cells in the starting
population, are easily accessible, and can be multiplexed to sep-
arate large amounts of cellmixture. The releasedCD34+ stemcells
were transplanted into full-thickness skin defects in nude mice.
Follicles and hairs were regenerated, and sebaceous glands were
formed in the graft sites.
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