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ABSTRACT: Organs are composed of heterotypic cells with patterned architecture that
enables intercellular interaction to perform specific functions. In tissue engineering, the ability
to pattern heterotypic cells into desired arrangement will allow us to model complex tissues in
vitro and to create tissue equivalents for regeneration. This study was aimed at developing a
method for fast heterotypic cell patterning with controllable topological manipulation on a
glass chip. We found that poly(vinyl alcohol)-coated glass showed a biphasic change in
adhesivity to cells in vitro: low adhesivity in the first 24 h and higher adhesivity at later hours
due to increased serum protein adsorption. Combining programmable CO2 laser ablation to
remove poly(vinyl alcohol) and glass, we were able to create arrays of adhesive microwells of
adjustable patterns. We tested whether controllable patterns of epithelial-mesenchymal
interaction could be created. When skin dermal papilla cells and fibroblasts were seeded
respectively 24 h apart, we were able to pattern these two cells into aggregates of dermal
papilla cells in arrays of microwells in a background of fibroblasts sheet. Seeded later,
keratinocytes attached to these mesenchymal cells. Keratinocytes contacting dermal papilla
cells started to differentiate toward a hair follicle fate, demonstrating patternable epithelial-mesenchymal interaction. This
method allows fast adjustable heterotypic cell patterning and surface topology control and can be applied to the investigation of
heterotypic cellular interaction and creation of tissue equivalent in vitro.
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■ INTRODUCTION
Spatial organization of heterotypic cells affects cellular interaction and
is vital to organ development and function.1−3 Cellular interaction is a
dynamic process that can be mediated by both long-range cytokine/
morphogen secretion and short-range intercellular contact.2,4−7 Hence,
arrangement and even alignment of cells in space can affect cellular
functions because of the corresponding changes of spatial cytokine/
morphogen gradient profile as well as extent and character of
intercellular contact. To model cellular interaction in vitro and to
create tissue equivalent for tissue regeneration, methods for quick
patterning of heterotypic cells into desired topological arrangement are
of high significance in terms of both experimental testing and potential
clinical application.
To understand heterotypic cellular interaction, cells of different

types should be cocultured. A transwell system is often employed to
examine how heterotypic cells interact with paracrine secretion.8,9 In
this system, two types of cells are cultured together but separated by a
porous membrane across which movement of proteins and small

molecules but not cells is allowed.8,9 Since heterotypic cells are
separated, the role of heterotypic cell−cell contact can not be analyzed.
Another conventional method to examine heterotypic cellular
interaction is to culture two different types of cells in a conventional
culture dish by simultaneous heterotypic cell seeding.10 Though
contact between heterotypic cells are allowed, the spatial distribution
of cells can not be controlled to mimic the in vivo heterotypic cell
distribution, prohibiting further analysis of the effect of patterns of
heterotypic cell−cell contact.

With the advent of tissue engineering, a number of in vitro
techniques have been developed to simulate the in vivo intercellular
arrangement for analysis of cellular interaction. Examples include
photolithography, soft lithography (including stencil-assisted pattern-
ing, microcontact printing and microfluidic patterning), bioprinting,
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etc.11−18 These techniques mainly create patternable domains of varied
cell adhesivity on culture surface. In bioprinting, cells can be directly
printed to the culture surface with desired distribution.17,18 For
example, using photolithography to pattern adhesive biomolecules on
glass surface has helped to culture hepatocytes and fibroblasts into
patterned distribution to dissect the role of homotypic and heterotypic
cell−cell contact in the maintenance of hepatocyte functions.7,12

Though these methods help to examine cell−cell interaction and
create complex tissue-like structures in vitro, there exist limitations
such as complex manufacturing procedures, limited patternable
flexibility, vulnerability of patterning equipment, etc.
Here, we developed a method combining surface biomaterial

coating and laser microfabrication that allows fast and adjustable
heterotypic cell patterning. Over the past few years, laser has been
employed in surface microfabrication for biomedical application. Since
the beam property and irradiation of laser can been programmably
controlled, the surface topology is refabricated and redesigned with
ease, reducing the overall duration from testing to manufacture from
days to hours.19,20 Such advantageous fabrication profiles are difficult
to achieve via standard photolithography and soft lithography
process.19,21 Laser systems, such as nanosecond/ultrafast femtosecond
laser,22,23 can be used in high-quality machining to produce crack-free
and debris-free surface. However, they are not widely available due to
the relatively high cost. CO2 laser is a more economical system with
high fabrication flexibility and has been demonstrated to be capable of
creating complex structures on plastics or glass surfaces.19,24

The adhesion, migration, proliferation, differentiation, and
aggregation of cells can be regulated by the coated materials.25−29 If
a nonadhesive material is coated on an adhesive surface as a barrier,
cells do not attach.30 Patterned removal of the nonadhesive material
will allow cells to adhere into patterns with the material removed. For
heterotypic cell patterning, a later seeded second cell type will not be
able to attach to the surface where the coated material still remains.
We speculate that if the coated material shows a time-dependent
increase in cell adhesivity, the later seeded second cell type will be able
to attach to the surface where the coated material is present, enabling
heterotypic cell patterning. We found poly(vinyl alcohol) (PVA)
exhibits this unique property. We employed CO2 laser for surface
microfabrication on PVA-coated glass chip. We demonstrated that this
method is capable of patterning heterotypic cells of hair follicle dermal
papilla (DP) cells, skin fibroblasts, and keratinocytes into desired
patterns for controllable epithelial−mesenchymal interaction.

■ EXPERIMENTAL SECTION

Poly(Vinyl Alcohol) (PVA) Preparation and Surface
Microfabrication by CO2 Laser Ablation. A 2.5% (w/w)
solution of poly(vinyl alcohol) (PVA) (Chemica Fluka, M.W. =
72 000 g/mol, Switzerland) was prepared by dissolving in
dimethyl sulfoxide (DMSO) (Merck, Germany) as we
previously described.30 For preparing PVA-coated glass, 80
μL of PVA solution was coated on a glass chip (20 mm × 20
mm, thickness = 1.1 mm, Kenteh Optical Co., Ltd., Taiwan).
The solution was then allowed to dry in the oven at 60 °C.
Further surface microfabrication was achieved by use of a
modified commercial CO2 laser scriber (M-300, Universal Laser
Systems, U.S.A.) as we previously described.19 The patterns
were designed with commercial computer software and then
transferred to the laser scriber for ablation. During scribing, the
laser beam was scanned using a CNC-driven stage. The
maximum laser power was 0.75W and the beam scanning speed
was programmable over the range of 0.6−600 mm s−1. The
diameters of 150 and 200 μm for ablated area size (ψ) and the
edge-to-edge distance (D) of 150, 200, 450, and 750 μm were
tested. The unirradiated glass was used as control.
Cell Isolation, Expansion, and Culture Medium. The

experimental protocol involving animals was approved by our
Institutional Animal Care and Use Committee. DP cells were

isolated and expanded from vibrissae of 6-week-old Wistar rats
as we previously described.29 DP cells at passage 3 were used in
the following experiments. Fibroblasts were isolated and
expanded from cheeks of Wistar rats. Briefly, dermal tissue
fragments were first digested in 2 mg/mL collagenase I (Sigma-
Aldrich, U.S.A.) in DMEM (Invitrogen, Carlsbad, CA, U.S.A.)
at 37 °C for 1.5 h, and then fibroblasts from dermal tissue were
cultured in culture medium DMEM/F-12 (1:1, Invitrogen,
Carlsbad, CA, U.S.A.) with 20% fetal bovine serum (FBS)
(Biological Industries, U.S.A.) and 1% antibiotic-antimycotic
liquid (Invitrogen, Carlsbad, CA, USA) for 2 days. Afterward,
culture medium of DMEM/F-12 with 10% fetal bovine serum
was replaced every 3 days. Cells at passage 2 were used in the
following experiments. Keratinocytes were isolated from the
foot pads of Wistar rats as described.28 The skin of hind foot
pads was removed and immersed in 5 U/mL Dispase solution
(Gibco, U.S.A.) at 37 °C for 1.5 to 2 h. The epidermis was then
separated from the dermis and immersed in 0.1% trypsin at 37
°C for 1 h. The keratinocytes were isolated and the cell
suspension was filtrated through a 40 μm cell strainer (BD
Biosciences, U.S.A), leaving the keratinocytes in the suspension.
Culture medium in the coculture experiments was a 1:1:1
mixture of DMEM, DMEM/F-12 and K-SFM (Invitrogen,
Carlsbad, CA, U.S.A.) containing 6.7% FBS, bovine pituitary
extract (BPE) (16.7 μg/mL), recombinant epidermal growth
factor (rEGF) (1.67 ng/mL) and 1% antibiotic-antimycotic
liquid.

Cell Seeding and Cell-Substratum Adhesivity. The
methods were described in our previous work.28 For
determining the effect of seeding cell density on DP microtissue
formation, cell densities were serially doubled from 2.5 × 104/
cm2 to 1.0 × 105/cm2. For patterning of the three heterotypic
cell types, DP cells were seeded at the density of 1.0 × 105/cm2,
fibroblasts were seeded at the density of 5 × 104/cm2 and
keratinocytes were seeded at the density of 1.0 × 105/cm2.
Cell−substratum adhesivity was determined by cell numbers
attached to the substratum 6 h after seeding of 5 × 104/cm2 DP
cells, fibroblasts or keratinocytes on PVA-coated glass or
uncoated glass.

Identification of PVA, Changes in Cell−Substratum
Adhesivity and Quantification of Serum Protein
Adsorption. To characterize the surface with PVA-coating,
the surface chemical composition was analyzed by attenuated
total reflection (ATR)/Fourier transform infrared (FTIR)
spectroscopy by a Nicolet Impact 410 spectrophotometer
provided with an ATR device.31

To determine the time-dependent changes in cell-substratum
adhesivity of PVA-coating, PVA-coated glass was immersed in
DMEM containing 10% FBS for 0, 1, 2, 3, and 4 days
respectively and then washed with PBS. The adhesivity to
fibroblasts and dermal papilla was then determined by the
number of cells attached at 6 h after cell seeding. Uncoated
glass was used as control.
For quantification of adsorbed serum protein, uncoated and

PVA-coated glass were immersed in DMEM containing 10%
FBS for 0, 1, 2, 3, and 4 days respectively and then washed with
PBS. Bicinchoninic acid protein assay kit (Sigma-Aldrich) was
employed to quantify adsorbed serum protein by an ELISA
plate reader (SpectraMax M2e, Molecular Devices) according
to the instruction of the supplier.

Character of Heterotypic Cell Patterns. To characterize
the cell distribution patterns, a confocal microscope (Meta510,
Carl Zeiss, Germany) was employed to analyze the 3-
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dimenstional distribution of cells on the glass chip. DP cells,
fibroblasts, and keratinocytes were labeled with red (10 μM/
mL, CellTracker Orange CMRA, Invitrogen, U.S.A), green
fluorescent cell tracers (10 μM/mL, CellTracker Green
CMFDA, Invitrogen, U.S.A.) and Hoechst (5 μg/mL, Hoechst
33345, Invitrogen, U.S.A.) respectively for 45 min at 37 °C
before cell seeding.
Scanning electron microscopic examination was performed as

we previously described.32 Briefly, the specimen was washed
with PBS and then fixed in 2.5% paraformaldehyde for 20 min
and 1% osmium tetroxide (OsO4) for 1 h, followed by serial
dehydration by graded ethanol changes. The specimens were
then gold sputtered in vacuum and examined with a scanning
electron microscope (SEM) (Field Emission Scanning Electron
Microscope, JEOL JSM-6700F).
To characterize cell differentiation with immunostaining, the

specimens were fixed in 4% paraformaldehyde at 4 °C for 20
min, perforated with 1% triton-X 100 (Sigma-Aldrich) for 5
min and blocked with 10% bovine serum albumin (Sigma-
Aldrich) for 10 min. The primary antibodies included
fibronectin (Thermo Fisher Scientific, UK) and keratin 6
(Santa Cruz Biotechnology, U.S.A.) and secondary antibodies
included rhodamin-conjugated antimouse IgG antibody
(Chemicon, Millipore, U.S.A.) and FITC-conjugated antigoat
IgG (Abcam, U.S.A.). The specimens were visualized under a
fluorescent microscope (Lieca DMI600, Germany). The
activity of alkaline phosphatase was determined as we
previously described29

Statistical Analysis. Data were expressed as mean ±
standard error of the mean. Student’s t test was performed for
comparison. p-values were considered significant when less
than 0.05.

■ RESULTS
Characterization of PVA Coating. After PVA coating, we

analyzed the PVA-coated surfaces by ATR-FTIR. Compared
with uncoated glass showing the peak at 1000 cm−1 (Si−O−Si)
(Figure 1), PVA-coated glass chip showed alcohol peak and
alkyl peak at 3300 cm−1 (−OH), 2850−2950 cm−1 (−CH),
1750 cm−1 (−CH2), and 1250 cm−1 (C−O). This result
demonstrated that the glass surface was covered by coated PVA.
Cell−Substratum Adhesivity. We compared the cell−

substratum adhesivity of DP cells, fibroblasts, and keratinocytes

on uncoated glass and PVA-coated glass (Figure 2). We
observed that glass was highly adherent to DP cells and

fibroblasts, but poorly adherent to keratinocytes. In contrast,
PVA-coated surface was almost nonadherent to all three cells
tested and we could hardly detected DP cells, fibroblasts, and
keratinocytes on PVA-coated glass at 6 h after seeding. The
result here showed that PVA coating could serve as a barrier to
prevent all three cells from adhering to the surface.

Time-Dependent Change in Cell−Substratum Adhe-
sivity on PVA-Coated Glass and Serum Protein
Adsorption. We speculated that if the nonadherent surface
of PVA could progressively become adherent to cells in culture,
the barrier effect would spontaneously diminished and cells
seeded later could adhere to the originally nonadherent area.
We tested whether PVA had this biphasic change in cell
adhesivity. We incubated PVA-coated glass in fresh culture
medium containing 10% FBS in DMEM for 1 to 4 days before
cell seeding. We found that the adhesivity of both fibroblasts
and DP cells on PVA-coated glass gradually increased after
exposure to culture medium for 1 to 3 days and then the
adhesivity plateaued (Figures 3A and 3B).
It has been shown that protein adsorption affected

substratum adhesivity to cells.33 Consistent with the progressive
increase of cell-substratum adhesivity, we also found a
corresponding trend of increasing protein adsorption to the
PVA-coated surface from day 1 to day 3 (Figure 3C).
On the contrary, there were no significant difference of

adhesivity to fibroblasts of uncoated glass after they were pre-
exposed to culture medium for 1 to 4 days (Figure 3D). We
also found that the protein adsorbed to uncoated glass showed
no significant change as the duration of exposure to culture
medium was increased (Figure 3E). Compared with PVA-
coated glass, uncoated glass adsorbed serum proteins faster.
PVA-coated glass showed a slow but progressively increased
adsorption of serum proteins. The result suggested that the
slow but progressive increase of protein adsorption on PVA
from day 1 to day 3 may contribute to the progressive increase
in cell adhesivity.Figure 1. ATR/FT-IR spectra of the glass and PVA-coated glass.

Figure 2. Cell substratum adhesivity determined by cell numbers
attached to culture surface at 6 h after cell seeding. The adhesivity of
PVA and glass to DP cells, fibroblasts (fib), and keratinocytes (KC)
was determined. *p < 0.05, **p < 0.01. N = 3.
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Adjustable Fast Design of Surface Topology for Cell
Patterning with Programmable CO2 Laser Ablation. We
have shown that a programmable CO2 laser system could
fabricate complex surface topology on glass.19 With PVA as the
barrier to cell adhesion, we could selectively create areas for cell
adhesion by removing PVA through laser ablation. We and
other group have shown that aggregation of DP cells into
spheroids was vital to its function and hair follicle induction
ability.29,30,34,35 Thus, we tested whether we could create arrays
of microwells on the glass surface for DP cells to adhere to.
Programmable laser ablation allowed us to create arrays of

microwells on the PVA-coated glass chip with controllable
microwell sizes and spacing (Figure 4A).
It has been shown that the shorter edge-to-edge distance (D)

(the edge of one microwell to the neighboring one) could lead
to formation of cell bridge between microwells.28 To determine
the minimal edge-to-edge distance that could prevent cell
bridge formation, we varied the D of microwells for the culture
of DP cells. We found that at the D of 200 μm, cell bridges
formed (Figure 4B). As D was increased to 450 and 750 μm,
DP cells formed isolated aggregates in the microwells without
cell bridge formation (Figure 4B). The result suggested that D

Figure 3. Time-dependent changes of substratum adhesivity and serum protein adsorption. (A) Adhesivity of fibroblasts on PVA. (B) Adhesivity of
DP on PVA. (C) Serum protein adsorption of PVA. (D) Adhesivity of fibroblasts on glass. (E) Serum protein adsorption of glass. Asterisk denotes
significant difference from 0 day group; *p < 0.05, **p < 0.01. N = 3.
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larger than 200 μm could help to create isolated islands of DP
aggregates.
We then tested the effect of cell seeding density on cell

aggregation in the microwells. We found DP cells started to
form spheroidal aggregates in the microwells as the cell seeding
density was increased to 2.5 × 104/cm2(Figure 4C). With serial
increase of the cell seeding density, the morphology of the
attached DP cells gradually change from a flat morphology to
spheroidal aggregates in the microwells (Figure 4C).
Furthermore, to clarify the effect of sizes of microwells on

cell aggregate formation, DP cells were seeded on the glass chip
with various microwell sizes (ψ) at the same cell seeding

density. The size of DP cell aggregates could be regulated by
the size of microwells (Figure 4D).
The results above showed that microwell size, intermicrowell

distance and cell seeding density affected the final morphology
and patterns of seeded DP cells in culture. We used the
condition (D = 300 μm, ψ = 200 μm, DP cell seeding density
1.0 × 105/cm2) for following experiments. Under this
condition, arrays of spheroidal DP cell aggregates could be
obtained (Figures 4E and 4F).

Creation of Patterns Involving 3 Heterotypic Cells. We
then tested whether we could pattern DP cells and fibroblasts
into islands of DP aggregates in a background of fibroblast

Figure 4. (A) Phase contrast image showed arrays of microwells on glass surface. (B) Microwells of different intermicrowell distances for DP cell
culture. Phase contrast image. (C) Variation of seeding densities of DP cells. Phase contrast image. (D) Variation of microwell diameters for DP cell
culture. Phase contrast image. (E) Phase contrast of arrays of spheroidal DP cell aggregates and (F) scanning electron micrograph of a spheroidal DP
cell aggregates formed under the condition: D = 300 μm, ψ = 200 μm, DP cell seeding density 1.0 × 105/cm2. Scale bar: 200 μm in A−D, 500 μm in
E, 10 μm in F.
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sheet by sequential cell seeding. DP cells were first seeded on to
the glass at the density of 1.0 × 105/cm2. After 1 day in culture,
we could see aggregated DP spheroid on islands of microwells
(Figure 5). We then removed the nonadherent DP cells
suspended in the medium and fibroblasts were seeded. After
another 2 days in culture, we found fibroblasts attached and
formed a cell sheet around islands of DP spheroids (Figure 5).
Hence, sequential seeding of DP cells and fibroblasts could
pattern these two types of cells into arrays of DP spheroids
surrounded by a fibroblast sheet. Keratinocytes were then
seeded subsequently on day 3.
Keratinocytes usually adhere poorly to culture surface. We

previously showed that mesenchymal cells, such as DP cells,
showed higher adhesivity to keratinocytes than culture surface

and could help to pull the keratinocytes down to the culture
surface.28 After another 2 days in culture following the seeding
of the keratinocytes, we found that keratinocytes could adhere
to the surface with patterned distribution of DP cells and
fibroblasts (Figure 5).

Heterotypic Intercellular Interaction. We then charac-
terize functions of the patterned three heterotypic cells by
examining the expression of alkaline phosphatase, fibronectin,
and keratin 6. It has been shown that alkaline phosphatase
activity and enriched fibronectin in vitro correlated with the
hair follicle induction of DP cells. Our result showed that
alkaline phosphatase activity and expression of fibronectin were
preferentially located in the DP aggregates in the microwells
(Figures 6A, 6B, and 6D), suggesting that DP cells retained

Figure 5. (A) Sequential seeding of DP cells, fibroblasts and keratinocytes. (B) Phase-contrast images of cell morphology on laser ablated PVA-
coated glass by sequential cell seeding. Bar: 200 μm.

Figure 6. Characterization of hybrid microtissues in the microwells after 5 days in culture. (A) ALP activity, (B) fibronectin, and (C) keratin 6
expressions. (D) Confocal image of fibronectin and keratin 6 expression of the hybrid microtissue in the microwells. Fibronectin was present in DP
cell aggregates, while keratin 6 was expressed by keratinocytes on top of DP cells. Bar = 200 μm.
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their differentiation status and hair follicle induction ability
here. On the contrary, fibroblasts surrounding DP islands were
deficient in alkaline phosphatase activity.
DP cells have been shown to be able to induce follicular

differentiation of keratinocytes. We examined the expression of
keratin 6, a differentiation marker of hair follicle outer root

sheath cells.36 Keratinocytes contacting DP aggregates showed
a strong staining for keratin 6 (Figure 6C), suggesting that
epidermal keratinocytes here differentiated toward a follicular
fate. Consistent with the results above, confocal images showed
that the fibronectin expression was in the cell aggregate and the
keratin 6 was expressed on top and at the periphery of the DP

Figure 7. (A) Confocal images of the patterned sequentially seeded fibroblasts. Rat fibroblasts with orange cell tracker was seeded on day 0, and 3T3
fibroblasts with green cell tracker was seeded on day 1. The confocal fluorescent images were taken on day 4. Fibroblasts seeding density was 5 ×
104/cm2. Bar: 200 μm. (B) Summary of PVA-coating, laser microfabrication and sequential cell seeding to pattern DP cells, fibroblasts, and
keratinocytes for compartmented epithelial−mesenchymal interaction on a glass chip.
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aggregate (Figure 6D). The results here showed that we could
pattern 3 heterotypic cells into desired intercellular arrange-
ment to control heterotypic epithelial-mesenchymal interaction.
Application to the Patterning of Other Cells. We also

tested whether the arrangement of other mesenchymal cells
could be patterned with this approach. Rat fibroblasts and 3T3
fibroblasts were seeded sequentially 1 day apart on laser-ablated
PVA-coated glass. The first seeded rat fibroblasts also formed
cell aggregates in the microwells while 3T3 fibroblasts
preferentially attached to the unablated surface surrounding
rat fibroblast aggregates (Figure 7A). The results suggested that
the two kinds of mesenchymal cells could be patterned by this
method.

■ DISCUSSION
Hair follicles are a miniorgan composed of epithelial
keratinocytes and its unique mesenchymal cells of DP.3 Hair
follicles exhibit distinct cycles of growth (anagen), regression
(catagen) and resting (telogen) in life. The development and
cycling are dependent on the complicated epithelial-mesen-
chymal interaction between keratinocytes and DP.2,3 Up to
date, the epithelial-mesenchymal interaction of hair follicles, i.e.
interaction between hair follicle epithelium and DP cells, can
only be investigated by transwells and organ culture of hair
follicles.8,37 It has been shown that the heterotypic cell−cell
contact between hair follicle epithelium and DP is also vital to
maintenance of proper hair follicle growth.34,35,38 Transwell
culture prohibited heterotypic epithelial-mesenchymal cell
contact and may not reflect the in vivo heterotypic cell−cell
interaction. Through hair follicle organ culture maintains the
proper epithelial-mesenchymal contact, the limited sources of
human follicles hinder scalable in vitro testing.
Methods for controllable patterned epithelial-mesenchymal

interaction of skin cells on a chip have not been developed.
Considering the simultaneous seeding of the three types of
cells, DP cells, fibroblasts and keratinocytes, there are many
possibilities of the final intercellular organizations formed on
the same surface (Figure S1). Usually, for cell patterning,
substratum surface was often modified by photolithography or
soft lithography involving complex chemical, physical or phase
transition process.21,39,40 Here we demonstrated a simple
method capable of patterning heterotypic cutaneous mesen-
chymal cells on a glass chip with time-switchable coating (PVA)
and CO2 laser microfabrication with sequential cell seeding.
The dynamic changes of intercellular rearrangement are

depicted in (Figure7B). This method enabled creation of tissue-
like structure composed of arrays of DP cell aggregates of
controllable size distributed on a background of fibroblasts
covered with keratinocytes above. DP cells first attached and
aggregated in the microwells, forming arrays of DP spheroids
within 24 h. The later seeded fibroblasts preferentially adhered
to the PVA domains and grew as a flat cell sheet. The finally
seeded keratinocytes were sorted to the surface contacting the
DP aggregates and fibroblast sheet. Further testing showed that
that controllable epithelial-mesenchymal contact and inter-
action was achieved (Figure 6).
It was shown that prepatterned compartmented distribution

of epithelial cells and mesenchymal cells within an organ germ
in vitro can facilitate epithelial−mesenchymal interaction than
random mixture of epithelial cells and mesenchymal cells.28,41,42

Our results showed that aggregated DP cells in the arrays of
microwells induced local follicular differentiation of keratino-
cytes (Figure 6). We demonstrated this method is also able to

pattern other mesenchymal cells with similar properties. 3T3
fibroblasts and rat fibroblasts can be similarly patterned as DP
cells and fibroblasts (Figure 7A).
We have previously developed a method to produce DP-

keratinocyte hybrid spheroidal microtissues with a core−shell
structure through self-assembly: aggregated DP cells in the
center surrounded by keratinocytes, a structure similar to the
hair bulb.28 We have shown that reconstruction of epithelial-
mesenchymal contact in the hybrid spheroid promotes the hair
follicle differentiation of keratinocytes and the hybrid spheroids
are capable of growing new hair follicles after in vivo
transplantation.28 Because the hybrid spheroids are floating in
the medium, it has been difficult for serial analysis of the
epithelial-mesenchymal interaction at the same microtissue.
The method developed here allowed continuous observation of
the epithelial-mesenchymal interaction at the same area. For
example, the cells can be tagged with fluorescent reporters or
fluorescent protein reporters and the epithelial-mesenchymal
interaction can be continuously and noninvasively monitored
under a fluorescent microscope. Since fibroblasts, DP cells and
epithelial keratinocytes can be expanded before cell seeding,
compared with organ culture of hair follicles, this method
allowed large-scale pharmaceutical testing of epithelial-mesen-
chymal interaction.
One key component of this method is the unique property of

PVA both as a barrier to cell adhesion in the early stage and a
surface for cell attachment in the later stage. PVA is an
extremely hydrophilic biomaterial,30,43 and has been used for
the culture of a variety of cells.30,43−45 We and other group have
shown that surface coating with PVA prevents the attachment
of a variety of cells and promotes aggregation of unattached
cells into floating spheroids. Here we uncovered another
property of PVA. Though it is nonadherent to cells on the first
day of cell culture, its adhesivity to fibroblasts and DP cells
increased progressively as the exposure time to serum-
containing culture medium is increased. The adhesivity of
cells on biomaterial is determined both by the intrinsic property
of biomaterial and the protein adsorbed.33 Factors influencing
protein adsorption include wettability of biomaterials, charge or
chemical bond of biomaterial, pH, temperature, protein types,
concentration of bulk solution, etc.46,47

Compared with poly(ethylene), poly(vinyl alcohol-co-ethyl-
ene), and glass, hydrophilic surface of PVA film is a polymer on
which serum proteins can be hardly absorbed.48 Pavli et al.
showed that PVA-covered surface could significantly prevent
protein adsorption and there was only little amount of protein
adsorbed on PVA surface after 22 h incubation.49 From our
present work (Figures 2 and 3), after 24 h of incubation, the
increase of cell adhesivity on PVA correlated with the increase
of protein adhesion on PVA. In addition, according to Hung’s
report,50 soluble serum proteins deposited on PVA substratum
could also improve cellular adhesion on PVA when cells were
cultured in serum-free medium. Thus, we suggest that the
increased cell adhesivity after 24 h could be explained at least in
part by the increase of proteins adsorbed on the PVA surface.
Furthermore, due to the complex compositions of serum
proteins, including fibronectin, fibrinogen, albumin, etc., the
conformations of adsorbed proteins might also be influenced by
other proteins in serum.51 For example, fibronectin is one of
the well-known extracellular matrix proteins in serum that can
promote cell adhesion. Previous computer simulation showed
that, due to the hydrogen bond and dipolar interaction between
the chain of PVA and proteins, the serum albumin and
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fibronectin might form α-helices and β-sheets on PVA
individually.52 Moreover, the conformations of plasma
fibronectin could be changed by the hydrophobicity of the
surface. When adsorbed on hydrophilic substrate, fibronectin
might adopt an active cell-spreading and antigen active
conformation.53 Therefore, the increase of cell-adhesivity after
24 h might also be contributed by the conformations of the
serum proteins adsorbed on PVA.54

According to the molecular mean-field theory, serum
proteins diffuse from solution to the PVA surface and then
form a Van der waals force or hydrogen bond to overcome
entropy and Gibbs free energy of material interface to deposit
on the PVA surface.55,56 In our system, compared with PVA;
glass is more hydrophobic than PVA;57 there is less energy
barrier of dehydration needed to be overcome so that DP cell
could adhere on ablated area within 24 h. With the time of
incubation in serum-containing medium increased, more serum
proteins started to deposit on PVA surface via the hydrophilic
fragment of serum proteins attracted by hydroxyl group of
PVA, the energy of PVA surface could be changed and
overcome the dehydration energy barrier. Then, fibroblasts
could adhere on protein-adsorbed PVA surface after 24 h.
Therefore, this can be a mechanism why cell adhesion is
increased after the amount of adsorbed protein is increased. In
terms of adsorption dynamics, our results showed that protein
adsorption on PVA surface gradually increased, following a
time-dependent manner in serum-containing culture medium.
It is consistent with molecular mean-field theory in which
protein adsorption is a time-dependent dynamic process.55,56

The relative slow protein adsorption gives us a window in
which the first seeded cells are unable to attach to the PVA-
coated surface and preferentially adhere and aggregate into the
CO2 laser ablated microwells (Figure 7B). After 24 h, the
increase in adhesively allows the adherence of fibroblasts. The
patterned DP cell and fibroblast distribution enables us to
examine epithelial-mesenchymal interaction of three different
types of cells (Figure 7B).
The use of CO2 laser provides other advantages. Since the

laser parameters can be programmed,19,58 the surface topology
of the culture surface can be flexibly fabricated while PVA being
removed at the same time. We have demonstrated that CO2
laser ablation is able to create complex topological structures on
the glass and plastics surfaces.58,59 Since the DP function is
better preserved as multicellular aggregates, we employed CO2
laser to create arrays of microwells such that DP cells formed
spheroidal microtissues after seeding (Figure 4). With such
flexibility. This method is versatile in topological manipulation.
Alternatively, lasers other than CO2 laser can also be used in
this system provided that an alternative laser source can
efficiently remove the coated PVA and fabricate the surface
topology.20,59,60

Additionally, PVA can be replaced by other biomaterials or
proteins with desired properties for surface coating. This will
further increase the patterning possibilities. The order of
surface coating and laser ablation can also be changed and each
treatment can be repeated, this again will increase the freedom
of cell patterning and cells can be patterned in diverse ways.

■ CONCLUSION
We successfully develop a method for heterotypic cell
patterning with flexible topological fabrication capability by
combining PVA-coating, CO2 laser ablation and sequential cell
seeding on a glass chip. This method utilizes a characteristic

property of PVA that shows biphasic change in cell adhesivity
associated with delayed serum adsorption. We show that this
method is able to create arrays of DP aggregates surrounded by
a fibroblast sheet and that controllable epithelial-mesenchymal
interaction can be achieved. We also show that mesenchymal
cells with similar properties can also be patterned on the glass
chip. This method can be helpful for large-scale investigation
and pharmaceutical testing of cutaneous epithelial-mesenchy-
mal interaction and can also be applied to the patterning of
other cells.
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