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Abstract: Previous studies on customizing cell culture en-
vironments have utilized a variety of microfabrication-based
tools to control the spatial localization of adhesive proteins
and subsequently mammalian cells. Others have used vari-
ous methods to immobilize nonadhesive PEO-based poly-
mers on surfaces to inhibit protein absorption and cell ad-
hesion. In this study, we report the application of a well-
characterized, commercially available, PEO-terminated
triblock polymer (Pluronic™ F108) to create micropatterned
nonadhesive domains on a variety of biomaterials that deter
cell adhesion for up to 4 weeks in culture. The Pluronic can
be applied using microfluidic tools or photolithographic
techniques, and can be adsorbed to a variety of common

surfaces including tissue culture polystyrene, methylated
glass, silicone, and polylactic-co-glycolic acid. The effective-
ness of the Pluronic in inhibiting cell adhesion in the pres-
ence of collagen I is also quantified. Finally, these patterning
techniques are generalized to control tissue organization on
a variety of common biomaterials. This simple method for
micropatterning PEO and, therefore, proteins and cells
should prove useful as a tool for biomolecular surface engi-
neering. © 2002 John Wiley & Sons, Inc. J Biomed Mater Res
60: 126–134, 2002
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INTRODUCTION

The ability to control cell-surface interactions is of
paramount importance in controlling host-biomaterial
interactions, in predicting cell behavior in cell engi-
neering, in understanding tissue development, as well
as in realizing the potential to tissue engineer solid
organs. The control and study of the role of tissue
organization with micropatterning tools have recently
provided insight in areas as diverse as angiogenesis,
hepatocyte differentiation, calcification of bone-
derived cells, stratification of keratinocytes in the epi-
dermis, and neuronal growth cone guidance.1–5

Previous methods to create micropatterned cultures
that control the cellular microenvironment have relied
on either regional chemical modification of substrates
to promote cell adhesion or physical localization of
cells on a chemically uniform surface. Examples of

chemical modification include photolithographic pat-
terning of glass and subsequent silane/protein immo-
bilization,6 microcontact printing to localize hydro-
phobic alkanethiols/protein,7 and photoimmobiliza-
tion of polymers or adhesive peptides.8,9 Physical
methods of localization include microfluidic networks
to deliver adhesive proteins or live cells directly.10–12

Similarly, laser-directed cell writing is another method
of physical localization that utilizes a hollow optical
fiber coupled with a laser source to direct the place-
ment of individual cells on a target surface.13

Another strategy to localize cells, and one of par-
ticular interest in regional modification of biomateri-
als, is the creation of localized nonadhesive domains.
In recent years, the mechanism of interaction between
a cell and substrate has been attributed to preimmo-
bilized adhesive peptides or proteins or by adsorption
of proteins from surrounding medium. PEO has been
widely used to resist “biofouling” and subsequent cell
adhesion resulting due to protein adsorption to sur-
faces.14 Although still an active area of research, the
mechanism by which PEO resists protein adsorption is
generally attributed to its hydrophilicity, flexibility,
chain mobility, and high steric exclusion volume in
water.15 The steric exclusion volume increases with
increasing grafting density, and is thought to be due
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primarily to favorable water-PEO interactions and the
thermal motion of the PEO chains.16 There have been
several reports in recent years utilizing microfabrica-
tion-derived techniques to localize PEO on artificial
substrates. These include photoimmobilization of in-
terpenetrated polymer networks,17,18 microcontact
printing of poly(ethylene glycol) (PEG)ylated thiols on
gold monolayers,7 and use of PEGylated silanes and
aldehydes to modify Si-based materials.19 Typically,
these techniques require specific chemistries tailored
to each application; however, one method has been
reported previously that allows coupling of PEO
chains to a variety of biocompatible materials solely
based on material hydrophobicity. This method re-
ported by Caldwell and coworkers utilizes a commer-
cial triblock polymer (PEO)129-(PPO)56-(PEO)129
(Pluronic™ F108), which spontaneously adsorbs via
the hydrophobic PPO domain to hydrophobic sur-
faces.20,21 Using this technique, we demonstrate the
ability to micropattern growth-competent 3T3 murine
fibroblasts in 5% serum and retain cell-free domains
for ∼4 weeks on polystyrene. Furthermore, we dem-
onstrate strategies to generalize this approach to hy-
drophilic surfaces (such as glass) by first rendering the
surface hydrophobic. Applications of these techniques
are many—indeed, our lab has focused on using these
tools to control and study the role of the microenvi-
ronment around hepatocytes in vitro. These techniques
have previously allowed us to examine and optimize

the role of heterotypic (hepatocyte/fibroblast) cell-cell
interactions in hepatocyte function for applications in
tissue engineering.22 Ultimately, these tools may be
useful in many areas including cell and tissue engi-
neering, tailoring biomaterial implants, and funda-
mental studies on signaling in cell-cell and cell-matrix
interactions.

MATERIALS AND METHODS

Photolithographic patterning

Detailed procedures for photolithographic patterning of
substrates and subsequent modification were previously de-
scribed,23 and are depicted schematically in Figure 1(C).
Briefly, 29 diameter × 0.029 borosilicate glass wafers (Erie
Scientific; Portsmouth, NH) were spin coated with positive
photoresist (S1813, Shipley). Wafers were baked and then
exposed to ultraviolet light in a Bottom Side Mask Aligner
(Karl Suss, Waterbury Center, VT) through emulsion masks
of the desired dimensions. We utilize emulsion mask as an
inexpensive, readily available alternative to chrome/quartz
masks. Patterns are drawn in Corel Draw 9.0* and printed
using a commercial Linotronic-Hercules 3300 dpi high-
resolution line printer. Exposed photoresist was then devel-
oped (MF-319 developer, Microchem Corporation,
Waltham, MA; developer : water, 1 : 1), baked, and finally
cleaned by exposure to oxygen plasma for 10–15 min.

Figure 1. Schematic depiction of two modes of patterning: (A) schematic of triblock (PEO/PPO/PEO) Pluronic™ F108
molecule spontaneously adhering to a hydrophobic surface. (B) Schematic depiction of method to localize Pluronic through
microfluidic network on a hydrophobic substrate (such as tissue culture polystyrene). (C) Photolithographic patterning of
glass substrates followed by immobilization of “nonadhesive” (PEO) moieties.
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Microfluidic patterning

Techniques for microfluidic patterning were adapted
from Folch et al.24 Briefly, a high-aspect ratio photoresist
(SU-8, Microchem Corporation, Waltham, MA) (25 mm
thick) was spun on silicon wafers (Virginia Semiconductor,
Fredricksburg, VA) and exposed to ultraviolet light through
an emulsion mask as described above and developed ac-
cording to manufacturer specifications. This template was
used as a mold for casting polydimethylsiloxane (PDMS;
Sylgard 184, Dow Corning). PDMS was prepared, degassed
under low vacuum, poured over the SU-8 template, and
cured at 65 °C for 2 h. The PDMS mold is subsequently
removed from the SU-8 template and used as a network of
microchannels when superimposed upon a rigid substrate.
PDMS forms an aqueous seal with rigid substrates and can,
therefore, serve as a vehicle for the localized delivery of
adhesive or nonadhesive factors or cells suspended in me-
dia.

PEO coupling

Pluronic™ F108 was selected from a family of triblock
polymers that are commercially available (BASF, #F-108).
This class of polymers have poly(propylene oxide) centers
with poly(ethyelene oxide) side chains with the following
proportions (PEO)129-(PPO)56-(PEO)129 and a molecular
weight of 14,600 g/mol. The poly(propylene oxide) domain
adsorbs quasi-irreversibly to hydrophobic surfaces, creating
a surface coating of PEO chains; thus, surfaces that are hy-
drophobic can be modified with PEO regardless of their
chemical composition.14 Although chain length of the PEO
domain can vary, Li et al. have previously reported that
Pluronic™ F108 was most suitable for deterring protein ad-
sorption within a group of Pluronics with varying PPO and
PEO domains. Solutions of 1 or 4% w/w Pluronic™ F108 in
water were prepared, injected into microfluidic networks
that were opposed to a hydrophobic surface, and allowed to
adsorb for 24 h at room temperature. Alternatively, hydro-
philic surfaces such as glass were photolithographically pat-
terned, rendered hydrophobic by modification with 5% di-
methyltrichlorosilane in chlorobenzene, then stripped of
photoresist in acetone, and finally incubated with Pluronic™
F108.

Cell culture

Hepatocytes

Hepatocytes were isolated from 2- to 3-month-old adult
female Lewis rats (Charles River Laboratories, Wilmington,
MA) weighing 180–200 g, by a modified procedure of Se-
glen.25 Detailed procedures for isolation and purification of
hepatocytes were previously described by Dunn et al.26 Rou-
tinely, 200–300 million cells were isolated with viability be-
tween 85 and 95%, as judged by trypan blue exclusion. Non-
parenchymal cells, as judged by their size (<10 mm in diam-

eter) and morphology (nonpolygonal or stellate), were less
than 1%. Culture medium was Dulbecco’s modified Eagle’s
medium (DMEM, Gibco) supplemented with 10% fetal bo-
vine serum (FBS, Sigma, St. Louis, MO), 0.5 U/mL insulin, 7
ng/mL glucagon, 20 ng/mL epidermal growth factor, 7.5
mg/mL hydrocortisone, 100 U/mL penicillin, and 100 mg/
mL streptomycin. Serum-free culture medium was identical
except for the exclusion of FBS.

NIH 3T3-J2 fibroblast culture

NIH 3T3-J2 cells were the gift of Howard Green, Harvard
Medical School. Cells grown to preconfluence were pas-
saged by trypsinization in 0.01% trypsin (ICN Biomedicals,
Costa Mesa, CA)/0.01% EDTA (Boehringer Mannheim, In-
dianapolis, IN) solution in PBS for 5 min, diluted, and then
inoculated into a fresh tissue culture flask. Cells were pas-
saged at preconfluency no more than 10 times. Cells were
cultured in 175 cm2 flasks (Fisher, Springfield, NJ) at 5%
CO2, balance moist air. Culture medium consisted of DMEM
(Gibco, Grand Island, NY) with high glucose, supplemented
with 5% bovine calf serum (BCS, JRH Biosciences, Lenexa,
KS) and 100 U/mL penicillin and 100 mg/mL streptomycin.

Cell adhesion assays

To quantify cell adhesion to Pluronic™ F108-treated sur-
faces and explore the potential to combine Pluronic™ F108-
treated surfaces with specific extracellular matrix (ECM)
molecules, cell adhesion to various substrates was deter-
mined by light microscopy and image analysis. 125,000 he-
patocytes or fibroblasts were initially plated on various sub-
strates in the absence of serum to determine their propensity
for mediating cell adhesion. Substrates included: polysty-
rene (tissue-culture treated) controls, polystyrene +
Pluronic™ F108, polystyrene + collagen, polystyrene +
Pluronic™ F108 + collagen. After 24 h, unattached cells were
removed, and plates were washed with fresh medium and
imaged by phase-contrast microscopy. We quantified adhe-
sion using Metamorph Image Analysis software in 12–16
fields per condition. Projected surface areas were measured
in Metamorph to determine the area of Pluronic regions that
were covered by cells at various time points for 4 weeks.

Microscopy

Specimens were observed and recorded using a Nikon
Diaphot microscope equipped with a SPOT digital camera
(SPOT Diagnostic Equipment, Software Version 2.2, Sterling
Heights, MI), and MetaMorph Image Analysis System (Uni-
versal Imaging, Westchester, PA) for digital image acquisi-
tion. Fluorescent labels CMFDA (chloromethylfluorescein
diacetate, C-2925, Molecular Probes) and CMTMR (chloro-
methylbenzoylaminotetramethyl rhodamine, C-2927) were
utilized to track cells fluorescently. Cells were loaded by
incubation in 25 mM dye in media for 45 min, rinsed, and
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incubated for 30 min prior to a final rinse. Cells were ob-
served by fluorescence microscopy with ex/em: 492/517
and 541/565 nm.

Statistics and data analysis

Experiments were repeated two to three times with du-
plicate or triplicate culture plates for each condition. One
representative experiment is presented where the same
trends were seen in multiple trials. Error bars represent stan-
dard error of the mean. Statistical significance was deter-
mined using one-way ANOVA (analysis of variance) on
Statview with Fisher’s PLSD post hoc analysis with p < 0.05.

RESULTS

In this study we present methods for micropattern-
ing poly(ethylene oxide) PEO on a variety of materi-
als. Previously, patterns of PEO have been achieved
through self-assembled monolayers on gold,27 photo-
polymerization of interpenetrated networks [poly
(acrylamide-co-ethylene glycol)],28 or silane-based
coupling of PEO to Si-based materials.19 Here we
adapt the methods of Neff and coworkers where tri-
block copolymers (PEO-PPO-PEO) were found to
spontaneously adsorb, quasi-irreversibly to hydro-

phobic biomaterials as seen in Figure 1(A).14,20,21 The
length of PEO chains has been evaluated previously
by Neff et al.20 F108 was found to be superior to other
analogues of the triblock copolymer.

Both microfluidic and photolithographic modalities
were utilized to localize PEO on biomaterial sub-
strates. Figure 1(B) depicts a patterning scheme for
PEO via a fluidic delivery system constructed from a
polydimethylsiloxane (PDMS) mold made by soft lith-
gography. In contrast, Figure 1(C) schematically de-
picts direct photolithographic patterning of hydro-
philic glass substrates with PEO by derivatization of a
methyl-terminated silane to the surface. Both primary
cells (primary rat hepatocytes) and immortal cell lines
(3T3 fibroblasts) were patterned using these surface
modifications.

The microfluidic method depicted in Figure 1(B)
was utilized to pattern PEO on tissue culture polysty-
rene. In Figure 2, we demonstrate that patterned PEO
domains deterred the attachment of murine 3T3 fibro-
blasts seeded in the presence of 5% serum.

Previous studies on this family of triblock copoly-
mers have highlighted the potential for serum pro-
teins to elute F108 from the surface. To evaluate the
potential for F108 desorption in a conventional cell
culture environment, we followed patterned fibroblast
cultures in the presence of 5% serum over time. Pro-
jected surface area measurements were made over 4
weeks to quantify the cell migration onto the PEO-

Figure 2. Fluidic localization of PEO adsorption to selectively deter cell adhesion on polystyrene. (A) Repulsion of fibro-
blasts at days 1, 5, and 14 in the presence of 5% serum in media. (B) Projected surface area measurements of cells in patterned
Pluronic regions on polystyrene dishes.
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patterned domains. Figure 2 demonstrates that the in-
tegrity of the cellular pattern was preserved within
10% of original patterned surface area for 4 weeks.
Thus, any desorption of F108 from the surface was not
sufficient to promote significant cell adhesion in pre-
viously nonadhesive regions. This effect was shown to
be cell-type dependent. For example, primary cells
(hepatocytes) encroached onto nonadhesive areas
much more rapidly (∼days rather than weeks), indi-
cating that active cell processes such as ECM produc-
tion or phagocytosis of F108 may alter its efficacy as a
tool to deter cell adhesion.

Because many strategies for biomolecular surface
engineering require the presence of serum or extracel-
lular matrix proteins, we also characterized cell adhe-

sion on ECM-coated, F108-treated surfaces. Specifi-
cally, we probed a model cell line (murine 3T3 fibro-
blasts) and a model primary cell (rat hepatocytes)
under various conditions (1–100 mg/mL collagen I
coating). Figure 3 depicts the result of our studies with
primary hepatocytes. Cell adhesion on polystyrene in
the absence of serum was minimal (∼10 cells per field),
and was completely eliminated by treatment with
F108. In contrast, pretreatment of polystyrene with 100
mg/mL of collagen for 1 h markedly increased cell
adhesion [Fig. 3(C); ∼75 cells per field]. Finally, we
explored the possibility that F108-passivated surfaces
could be rendered adhesive by exposure to high con-
centrations of adhesive proteins (such as may occur
physiologically in serum). Our data indicated that ex-

Figure 3. Characterization of the functional interplay between adsorption of extracellular matrix proteins (collagen I) and
Pluronic F108 in mediating cell adhesion. Hepatocyte adhesion was assessed on (A) polystyrene control, (B) F108-treated
polystyrene, (C) polystyrene coated with 100 mg/mL collagen I and F108-treated polystyrene coated with (D) 100 (E) 10, and
(F) 1 mg/mL of collagen I. Adhesion was quantified by image analysis.
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posure to 1–10 mg/mL collagen had a modest effect on
cell adhesion although substrates were no more adhe-
sive than control polystyrene. In contrast, treatment of
F108-passivated surfaces with 100 mg/mL collagen I
effectively rendered the surface adhesive (Fig. 3).
Similar trends were observed with fibroblasts (data
not shown).

The localization of PEO through microfluidic chan-
nels in contact with hydrophobic surfaces, although
useful and chemically generic, could not be utilized on
a common experimental substrate—glass. Indeed, hy-
drophilic surfaces cannot be modified directly using
this adsorptive process. To demonstrate the feasibility
of using this technique in conjunction with F108 cou-
pling, borosilicate (glass) wafers with an initial water
contact angle of 53° were rendered hydrophobic by
coupling of a methyl-terminated silane. The final con-
tact angle with water was 102°. Furthermore, to create
discrete PEO islands rather than continuous networks
that are easily achieved using microfluidic networks,
we explored the use of photolithographic patterning
to localize the hydrophobic methyl-terminated silane.

To achieve this, we first photolithographically pat-
terned donuts of 500-mm diameter. These regions
were rendered hydrophobic by coupling to a methyl-

terminated silane, followed by unmasking of coated
glass (known as “lift-off”), and adsorption of F108 to
hydrophobic domains. Cell attachment on substrates
resulted in nonadhesive donuts as seen in Figure 4(A)
[rather than continuous lanes seen in Fig. 4(D)]. To
confirm the role of PEO (rather than methylation of
glass surface) in deterring cell adhesion on glass,
methylated surfaces were compared to methylated
surfaces following F108 treatment. Interestingly,
methylation itself deterred cell adhesion initially;
however, in the presence of media with 10% serum
and cells that are known to secrete ECM in the local
environment, methylated regions were invaded
within 24 h [Fig. 4(B)]. In contrast, methylation fol-
lowed by F108 exposure retained nonadhesive charac-
teristics similar to those seen in Figure 2 [Fig. 4(C)].
Finally, we explored the resolution and versatility of
micropatterned PEO-terminated triblock polymers.
Figure 4(D) demonstrates the deposition of Pluronic
on a polystyrene surface using the microfluidic tech-
nique for features as small as 10 mm. Similarly, cell
adhesion was repelled on a commonly used biomate-
rial such as PLGA [Fig. 4(E)] and silicone (data not
shown).

Figure 4. Localization of PEO on a variety of materials including glass 3T3-J2 fibroblasts were seeded on different surfaces
that had been patterned with Pluronic. (A) Adsorption of Pluronic F108 to hydrophobic methyl-terminated domains photo-
lithographically patterned on glass deters cell adhesion. (B) Cells patterned on glass via photolithography invade methylated
domains on glass within 24 h. (C) Cells patterned on methylated domains followed by Pluronic treatment retain pattern
fidelity. (D) Adsorption of Pluronic to hydrophobic tissue culture polystyrene via microfluidic patterning demonstrates
resolution of 10 mm. (E) Adsorption of Pluronic to a PLGA film using the microfluidic technique deters cell adhesion. (F) A
fluorescein-labeled F108 (Direct-Detect, AllVivo, Birmingham, AL) allows correlation of the PEO pattern (green) on polysty-
rene with fibroblast localization (red).
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DISCUSSION

In this study, we explored the utility of a well-
characterized, commercially available, PEO-
terminated triblock polymer (F108) to micropattern
nonadhesive domains on a variety of biomaterials.
These micropatterned domains were shown to deter
cell adhesion for up to 4 weeks in culture. F108 is one
of a family of triblock polymers that consist of poly-
ethylene oxide tails and polypropylene cores [see Fig.
1(A)]. The hydrophobic polypropylene core mediates
adsorption of the polymer to hydrophobic materials,
resulting in PEO coated surface by a simple, chemi-
cally generic process. This class of polymers has been
extensively utilized both in colloidal science as well as
biomaterials.29 Indeed, Neff et al. have demonstrated
that the hydrophobic core can be modified with adhe-
sive peptides to generate nonadhesive substrates with
well-controlled adhesivities.21 We have demonstrated
that this approach can be combined with microfluidic
patterning approaches to localize adsorption on model
hydrophobic surfaces such as polystyrene. Further-
more, other hydrophobic biomaterials were similarly
modified including PLGA (Poly(DL-lactide-co-
glycolide), silicone, and polyimide (data not shown).
In addition, we generalize this technique to hydro-
philic surfaces, such as glass, by first rendering the
(patterned) surface hydrophobic using a methyl-
terminated silane.

It is widely accepted that deterrence of cell adhesion
is due to deterrence of adsorption of adhesive proteins
to a surface.30,31 Li and Caldwell have previously re-
ported that the performance of F108 is superior to
other triblocks with regard to resisting protein adsorp-
tion; therefore, we selected this triblock polymer for
this study.14 F108 has the advantage of having been
shown to be nonimmunogenic, nontoxic, and FDA ap-
proved for a wide range of medical applications.32 The
surface concentration, thickness of adsorbed layer,
and dynamics of PEO chains have all been shown to
be important factors in resisting protein adsorption.
Stability of the adsorbed layers has been a point of
some debate. While adsorption of F108 is thought to
be quasi-irreversible, in fact, F108 can be competitively
eluted from a surface. Functionally, however, studies
with colloidal polystyrene F108-treated particles indi-
cated that F108 eliminates 90% of plasma protein ad-
sorption from whole human plasma,14 and our experi-
ments indicate the lack of sufficient protein adsorption
in 5% serum-containing culture for cell adhesion for 28
days.

Our studies indicate that the ability to deter cell
adhesion in vitro was dependent on cell type and cul-
ture conditions, as do other techniques of PEO immo-
bilization. Indeed, incubation with high concentra-
tions of collagen I (∼100 mg/mL) restored cell adhe-
sion to the cell surface for both fibroblasts and

hepatocytes. Whether this is due to elution of F108
from the surface, adsorption of collagen I to exposed
polystyrene, modification of cellular activity (e.g.,
phagocytosis, MMP expression) or a combination is
not clear. In contrast, culture with 10% serum, which
contains vitronectin, as a likely dominant adhesive
protein through binding to avb3, was not sufficient to
render the surface cell adhesive.33 Thus, the F108 sur-
face is able to resist protein adsorption from culture
media and therefore provides a useful in vitro tool for
patterning non-adhesive domains. These results, to-
gether with in vivo data on exposure to whole human
plasma, suggests that F108 may provide a valuable in
vivo tool to control early host-biomaterial interac-
tions.14

Although surface coverage of F108 was not mea-
sured explicitly, our results obtained by adsorption of
1% F108 in water at 37 °C, correlate well with those of
Amiji and Park34 and Neff et al.,21 who utilized AFM
and XPS respectively under similar conditions to char-
acterize surface coverage. The adsorbed F108 density
was estimated to lie between 0.17–>0.33 mg/cm2 as
reported elsewhere. Chain extension is estimated to
vary between 52 nm (the length of PEO tail)35 to 15 nm
as reported by Li and Caldwell.14 In our hands, F108
adsorption (as judged by lack of cell adhesion) pro-
duced inconsistent results when adsorbed at 4% w/v
in water. We suspect that this is due to occurrence of
micelle formation at the critical micelle concentration
of 550–3000 mM or 0.7–4.2% (w/v), recently shown
more precisely to be 1.4% w/v.36 Indeed, occasionally
a white precipitate reminiscent of micelle formation
was observed on the underlying surface. To avoid this
regime completely, we are subsequently conducting
all experiments at 1.0% w/v, well below the CMC.

In comparison to other previously described tech-
niques for patterning poly(ethylene oxide) domains,
the current method of localizing adsorption of triblock
polymers via microfluidics or photolithography offers
a simple, versatile alternative. The fundamental limi-
tation in patterning a nonadhesive molecule such as
PEO is the ineffective adhesion of PEO to the desired
surface; therefore, PEO must be derivatized or inter-
mingled with an existing polymer network. For ex-
ample, Whitesides and coworkers have utilized SH-
terminated PEO molecules together with microcontact
printing on gold surfaces to create patterned, nonad-
hesive self-assembled monolayers of PEO.37 However,
this technique has a number of limitations as well. For
example, materials must first be coated with metals by
evaporation. The metal-material interface, therefore,
may deteriorate in certain applications (e.g., in vivo).
Furthermore, although F108 is commercially available,
SH-terminated PEO molecules must typically be syn-
thesized in the laboratory.

Other PEO terminations that have been utilized to
pattern PEO include silane-terminated PEO and alde-

132 LIU, JASTROMB, AND BHATIA



hyde-PEO, which are commerically available. These
have been utilized to modify photolithographically
patterned glass or amine-terminated silanes on pat-
terned glass via a Schiff base reduction.19 These sub-
strates were characterized by XPS and contact angle
measurements and deterred nuerite outgrowth for up
to 4 days in serum-free conditions. The resolution of
this technique matches that of the photolithographic
process, making it ideal for mammalian cells and
smaller organisms (bacteria, virus particles); however,
it is chemically limited in that silicon-based materials
must be utilized to be so terminated. Therefore, this
technique would not be easily generalized to polysty-
rene (tissue culture plastic) or carbon-based biomate-
rials.

Healy and coworkers have recently reported a
method of grafting PEO to surfaces by generation of
an interpenetrated network with polyacrylamide.18,28

Patterned quartz substrates were modified using allyl-
terminated silanes. Subsequently, polyacrylamide and
PEO are polymerized on the surface by photoinitia-
tion. During the generation of an interpenetrated net-
work, PEO chains must diffuse into the solvent-
swollen polyacrylamide network; therefore, the chain
length of PEO may be limited by this process (i.e., ∼1
kDa as opposed to each PEO chain of ∼5.6 kDa used in
the current study). Under certain solvent conditions,
small PEO chains are poorly interpenetrated, and
therefore, diffuse away rapidly and large PEO chains
cannot diffuse into the polyacrylamide network.38,39

Due to the method of polymerization, this technique
requires accessibility of all surfaces to light (in this
case, indium light source of peak emission at 470 nm).
In some cases, materials that have low light transmit-
tance with convoluted surface features or internal con-
duits may not be suitable to this approach. The func-
tional stability of the interpenetrated PEO layer was
demonstrated using bone-derived cells cultured in the
presence of 15% serum for as long as 60 days. As with
other PEO-immobilization techniques, the ability to
deter cell adhesion will likely depend both on cell type
and culture conditions.

Finally, other methods of grafting PEO on surfaces
in unpatterned (i.e., uniform) surface coatings include
gamma-irradiation,40 and tresyl-terminated linear and
star PEO polymers.16 In the future, these techniques
may also be adapted to pattern PEO distribution on
material surfaces. We expect that the current tech-
nique, which utilizes simple adsorption of triblock
polymers, will continue to serve as a simple, chemi-
cally generic tool for patterning PEO. This tool for
customizing cell culture environments by specifying
nonadhesive domains may prove useful for many dif-
ferent cell types rather than specifying adhesive do-
mains with specific integrin-binding ECM molecules.
Finally, due to the use of surface hydrophobicity
rather than chemistry (gold, silicon) to immobilize

PEO, this technique will be useful for a wide range of
conventional biomaterials that have carbon back-
bones. Indeed, Patel et al. recently described the use of
microfluidics to render a PLGA template adhesive via
modification with adhesive peptides.41 We propose a
similar approach for PEO immobilization. This level of
flexibility will broaden the utility of this tool to other
fundamental cell and tissue engineering applications.

In the future, we envision that the combination of
microfluidic and photolithographic patterning as well
as simple adsorption of adhesive (ECM) and nonad-
hesive (PEO) species may be extended to novel appli-
cations such as: modification of the PPO Pluronic core
with adhesive peptides to create surfaces with well-
defined adhesivity,20 use of degradable triblocks
(PEO-PLGA-PEO) to dynamically modulate adhesiv-
ity,42 and novel substrates such as PEO lipid bilayers43

and biomaterials (PLGA).41 Furthermore, the pattern-
ing modes utilized may be improved by advances in
the contributing disciplines such as recent reports of
microcontact printing of proteins44 and microfluidics
with polymer or hydrogel actuation.45 In summary,
techniques to customize cell-surface interactions are
increasing our ability to refine both experimental de-
sign and also cellular responses to environmental
stimuli. These tools may have impact in many diverse
fields from cell-based drug discovery to fundamental
cell biology to tissue engineering.

The authors gratefully acknowledge Jennifer Neff (Uni-
versity of Utah) for helpful conversations. This work was
supported in part by the Whitaker Foundation, the Stern
Foundation, and the David & Lucile Packard Foundation.
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