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Abstract

Spatial control over cell attachment is essential for controlling cell behavior and engineering cell-based sensor arrays. Here we report

on a patterning procedure that can be utilized on a wide range of adherent and non-adherent cell types without the need to identify the

exact peptide sequence or extracellular matrix (ECM) necessary for optimal cell attachment. This is achieved by converting native sialic

residues present on the surface of most cells into non-native aldehydes using a mild sodium periodate treatment. The aldehyde groups are

then reacted with biotin hydrazide to produce biotinylated cells. Avidin is patterned onto the surface of a biotinylated biodegradable

block copolymer, polylactide–poly(ethylene glycol)–biotin (PLA–PEG–biotin) by microfluidic networking using a PDMS stamp. The

biotinylated cells then bind specifically to the patterned avidin regions. The PEG that is presented from the PLA–PEG–biotin copolymer

in the regions without avidin immobilization minimizes cell binding in the non-patterned regions.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Spatial control over cell binding is essential for
modulating cell behavior and engineering cell-based sensor
arrays [1–4]. Examples of the need for such geometric
control over cell binding include neurons that follow
adhesion cues to form contacts with muscle and the
patterning of fibroblasts and hepatocytes to maximize the
cell-to-cell contact between the two cell types for enhanced
viability and functionality over single-cell cultures of
hepatocytes [3,5,6]. Soft lithography techniques have
shown significant potential in facilitating control over the
organization of cells [7,8]. Typically, in this approach,
stamps prepared by curing poly-dimethylsiloxane (PDMS)
over a photolithographic template are used to transfer
extracellular matrix (ECM) or cell adhesive molecules
directly onto the substrate either by printing or micro-
fluidic networking [4,6–12]. To elucidate the properties
e front matter r 2005 Elsevier Ltd. All rights reserved.
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necessary for optimum cell–substrate interactions, this
approach was first used for the transfer of self-assembling
molecules onto gold substrates [13]. More recently,
micropatterning of ECM and cell-adhesive molecules
derived from the ECM (such as RGD from fibronectin)
has been carried out on biodegradable substrates
[2,4,10,14,15]. Examples of ECMs that are commonly
patterned for spatial control over cell attachment include
collagen and fibronectin [6]. A limitation to this approach
is the need to identify and transfer cell-specific adhesive
sequences or ECMs depending on the cell type that is being
bound. These methods also remain inapplicable to typically
non-adherent cells or cells that do not have sufficient
concentrations of functional cell-membrane receptors. In
addition, cell (i.e. endothelial) exposure to pulsatile flows
after less than a few hours of binding to ECM proteins can
result in less than 42% of the cells remaining adhered
[16–20]. In this report, we described a biotin–avidin-based
patterning procedure that can be utilized for facile spatially
controlled rapid attachment of a wide range of cell types.
This is achieved by converting native sialic residues on the
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surface of cells into non-native aldehydes using a mild
sodium periodate treatment. Sialic acids are a common
terminal cell surface monosaccharide group with increased
expression in many cancers [21,22]. Cell surface modifica-
tion has been utilized to engineer cell–cell interactions
between myoblasts and to bind endothelial cells, mouse
ascite carcinoma cells and chondrocytes to glass or tissue
culture plastic substrates with high attachment efficiencies
[17–19,23]. The periodate reaction produces a significant
proportion of reactive aldehyde groups [23]. The aldehyde
groups are then reacted with biotin hydrazide to produce
biotinylated cells. Avidin is patterned onto the surface of a
biotinylated biodegradable block copolymer, polylactide–
poly(ethylene glycol)–biotin (PLA–PEG–biotin) [24] by
microfluidic networking using a PDMS stamp [25]. The
biotinylated cells then bind specifically to the patterned
avidin regions. The PEG that is presented from the
PLA–PEG–biotin copolymer without avidin immobiliza-
tion minimizes cell binding in the non-patterned regions
[24,26].
2. Materials and methods

2.1. PLA–PEG–biotin synthesis

a-hydroxy-o-amine PEG (1 g) was dissolved into acetonitrile (2mL,

Aldrich), methylene chloride (1ml, Aldrich) and Et3N (80ml, Aldrich).

After addition of NHS–Biotin (0.250 g, Sigma), the reactants were stirred

overnight under argon. The reaction was worked up by the slow addition

of diethyl ether (40mL, Aldrich) to precipitate the polymer. The polymer

was re-precipitated from hot isopropanol (70 1C, Aldrich). The polymer

(350mg) was dried azeotropically and left under vacuum. Lactide (2 g,

Purac Biochem BV) was added to biotin–PEG-OH (0.35 g) and diluted

with 10ml toluene, Sn(Oct)2/toluene (0.1 g in 1mL). The reaction was then

brought to reflux at 110 1C for 4 h under argon. The product was

precipitated from a dichloromethane solution into a cold stirring solution

of diethyl ether and isolated by vacuum filtration. Final product was

assessed by gel permeation chromatography (GPC) and 1H-NMR

spectroscopy.
2.2. PDMS stamp preparation

To fabricate the mold, a 9:1 ratio of siloxane monomer (Sylgard

Silicone Elastomer 184, Dow Corning) to curing agent was cured

overnight at 50 1C on a patterned master. The master was prepared by

spin coating 250ml photoresist (SU8) onto a silicone wafer for 55 s at

2500 rpm, solvent baked at 100 1C for 100 s, and then exposed to UV light

(11mJ cm�2) from a mercury vapor lamp. The exposed resist was

developed in a 4:1 mixture of deionized water and dried with nitrogen.

The patterned master was then hard baked for 25min at 125 1C. The

elastomeric mold with the negative imprint on it was peeled off and

washed several times with ethanol, hexane, and deionized water.
2.3. Cell culture

Human Dermal Fibroblasts (HDF, Cambrex) were maintained in

Dulbecco’s modified Eagle’s medium (DMEM, Gibco) supplemented with

10% bovine calf serum (BCS), 0.5% penicillin, 0.5% streptomycin and 1%

L-glutamine in a humidified incubator at 371C and 5% CO2. Cells were

passaged 1:4 every 5 days before reaching confluence. Fresh media was

added every 2–3 days.
2.4. Fluorescence spectroscopy studies using the

[2-(40hydroxyazobenzene)benzoic acid] (HABA)/avidin reagent

Spectroscopy studies were completed on a SPECTRAmax PLUS

(Molecular Devices) at a fixed wavelength of 500 nm at 37 1C. The average

read time was 0.5 s and the read mode [Abs]. Three blanks were read

followed by three readings of the HABA/avidin in 1mL cuvettes. Each

sample was recorded three times over a subset of four repeats. The assay

was completed by measuring the absorbance of the avidin–HABA

complex at 500 nm before and after (10mins) it had been placed over a

monolayer of biotinylated cells cultured in 6-well plates. The absorption

decreases proportionately to the biotin present on the surface because

biotin displaces HABA due to its higher affinity for avidin. The change in

absorbance can then be used to calculate the amount of biotin present. A

series of biotin solutions of varying concentration were prepared as a

calibration curve for determining the quantity of biotin molecules present

on the cell surface.
3. Results and discussion

Fig. 1 shows schematically our approach for patterning
of cells using the biotin–avidin interaction. First, a
biotinylated polylactic acid–polyethylene glycol copolymer
is synthesized by reacting N-hydroxysuccinimide–biotin
with the amine terminus of a bifunctional a-amine-
o-hydroxy-polyethylene glycol that was prepared by
reducing a-amine-o-carboxylic acid-polyethylene glycol
(Nektar Therapeutics) in a 1M tetrahydrofuran–borane
mixture (Sigma). Confirmation of the amide bond between
the biotin and the PEG was observed by the appearance of
a triplet at 7.8 ppm in 1H-NMR. Lactide (Purac Biochem
BV) was then graft polymerized onto the hydroxyl
terminus of the a-biotin–o-hydroxy-polyethylene glycol
in the presence of a stannous 2-ethyl hexanoate initiator
(Sigma). Following purification and drying, the resulting
PLA–PEG–biotin was dissolved at 1mg/ml in trifluor-
oethanol (TFE) and 1ml was cast into each well of a 6-well
plate and allowed to evaporate overnight to form thin
films. The film is composed of a degradable block
copolymer (23,400Mw) that presents pegylated biotin
groups to the aqueous phase. The PEG chain acts as a
flexible linker reducing steric hindrance and enhances the
ability of the biotin unit to bind the tetrameric protein
avidin [24].
The avidin was patterned on the PLA–PEG–biotin using

a PDMS stamp with channels ranging from 100 to 250 mm
in width. The PDMS mold was placed onto the film and
1ml of a 500 mg/ml solution of tetramethylrhodamine
conjugated avidin (av-rh, Molecular probes) in d.i. water
was placed so that it wetted the PDMS molds capillary
entrances. After 1 h of contact, the remaining av-rh was
removed by blotting and replaced with 5ml of distilled
water. After a further 5min, the water was removed and
the washing procedure repeated another five times. The
sample was then immersed in water and the mold removed
by carefully peeling apart the PLA–PEG–biotin substrate
and the PDMS. The sample was then washed several times
with an additional 50mL of water. The patterned
immobilized avidin as illustrated in Fig. 2 provides
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Fig. 2. (a) Fluorescent microscopy image (Olympus BX40, 555/580 nm) showing celltracker red-stained avidin-treated biotinylated HDF cells with

corresponding images, (b) showing a fluorescent microscopy image of hoescht (350/450 nm) staining and (c) fluorescence emanating from the FITC-avidin

(494/518nm) bound to the biotinylated HDF cells. Fig. 2d is a bar chart comparing cell attachment of biotinylated cells on avidinylated PLA–PEG–biotin

substrates, PLA–PEG–biotin substrates and TCP with n ¼ 9. Fig. 2e shows a fluorescent microscopy image of the patterned tetramethylrhodamine-avidin

(av-rh, 555/580 nm) immobilized on the PLA–PEG–biotin substrate. Fig. 2f shows biotinylated cells stained with celltracker green (494/518nm) bound

specifically within the av-rh (555/580 nm) patterned channels.

Fig. 1. Schematic of preparation of spatially controlled biotinylated cells on biodegradable templates. (a) Biotin is covalently attached to a-hydroxy-
o-amine PEG. (b) Lactide is graft polymerized onto hydroxyl terminus of biotin–PEG-OH. (c) PLA–PEG–biotin is formed into a thin film. (d) SU8

photoresist is cast over a silicon wafer and exposed to UV through a patterned master. (e) A PDMSmold is formed over the patterned template which then

(f) forms a seal with the PLA–PEG–biotin film. (g) Avidin that is flowed through the microfluidic channels becomes immobilized in the predefined channel

regions. (h) HDF cells are treated with sodium periodate to convert native sialic residues into non-native aldehyde groups. (i) The aldehyde groups on the

surface of the cells are reacted with biotin hydrazide to produce biotinylated cells which are then (k) incubated on the avidin patterned PLA–PEG–biotin

template to produce the patterned cells.
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spatially defined binding sites for biotinylated cells to
bind to.

HDF were selected as a model cell line for biotinylation
based on previous reports that have shown the importance
of spatial control over fibroblast attachment in maintaining
viability of cocultures [6]. To prove that we could
biotinylate the HDF cells, they were grown to 65–70%
confluence in 12-well plates. Cell culture media in the wells
was removed. Celltracker RedTM (Molecular Probes) that
had been reconstituted in 11 ml of dimethylsiloxane
(DMSO) and mixed into media warmed to 37 1C was
added to the wells and incubated for 45min at 37 1C, 5%
CO2. The media was then removed and replaced with fresh
warmed media and incubated for a further 1 h. The cells
were washed twice with phosphate buffered saline (PBS)
and incubated with a 1mM solution of sodium periodate in
cold PBS for 15min in the dark at 4 1C. The HDF cells
were then washed with buffer 1 (PBS, 0.1% Bovine Calf
Serum, pH 6.5) at room temperature and then incubated
with a 5mM solution of biotin hydrazide (Sigma) in buffer
1 for 90min at room temperature. Cells were then
washed twice in buffer 2 (PBS, 0.1% BCS, pH 7.4) and
incubated with a 5 mg/ml of FITC–avidin (molecular
probes) in buffer 2 solution for 15min at 4 1C. The samples
were incubated with a 0.01mg/ml solution of Hoechst
33258 (Aldrich) in PBS. All the cells were then washed
twice in buffer 2 prior to imaging by fluorescent micro-
scopy (Olympus BX40). Fig. 2a shows an image of
celltracker red-stained cells with the corresponding
images showing the same cells stained with hoescht
(Fig. 2b) and fluorescence (Fig. 2c) emanating from the
FITC-labeled avidin that has bound specifically to the
biotinylated cells. The degree of biotinylation was
calculated to be 1.970.19� 109 biotin moieties/cell.
Control experiments in which the cells were treated
with every step except the periodate treatment and
control experiments in which the cells were treated with
every step except for the biotin functionalization did not
show any fluorescence through the FITC channel
confirming that the fluorescence observed was due to a
specific avidin–biotin receptor mediated interaction. The
biotin–avidin interaction has been reported to primarily
increase cell attachment in the first hour [18,19]. Reverse
transcriptase–polymerase chain reaction (RT–PCR) analy-
sis of the long-term culture of another cell type (chon-
drocytes) has shown that this exceptionally strong
biological binding interaction (Ka ¼ 10�15 M

�1) does not
interfere with the cells long-term ability to proliferate or
produce extracellular matrix proteins in comparison to
untreated cells [19].

Cell viability measurements were carried out using
trypan-blue measurements. Biotin functionalized cells
demonstrated an 88.3% viability in comparison to a
95.33% for untreated cells.

To evaluate the binding affinity of biotinylated cells with
an avidin-immobilized PLA–PEG–biotin substrate, the
biotinylated cells were washed with 5mM EDTA and then
trypsinized and washed. A total of 5� 105 cells were added
in serum-free medium to PLA–PEG–biotin films in each
well of a 6-well plate that had been saturated with avidin
(Sigma) and washed three times with PBS. Cultures were
allowed to attach for 15min before washing with PBS.
Attached cells were observed by light microscopy. No
difference in viability was observed after exposure to the
avidin-coated polymer substrate. As illustrated in Fig. 2d,
biotinylated cell attachment observed on the avidinylated
substrates was 25-fold higher than biotinylated cell
attachment on non-avidin-coated PLA–PEG–biotin sub-
strates and 2-fold higher than TCP. When adherent cells
were washed with avidin made up to 5� 10�7 M in dibasic
phosphate buffer (10mM, pH 7.4), the binding process was
not reversed.
Next, HDF cells grown to 65–70% confluence in T75

flasks were incubated for 45min at 37 1C, 5% CO2 with
Celltracker GreenTM (Molecular Probes) that had been
reconstituted in 11 ml of DMSO and mixed into media
warmed to 37 1C. The HDF cells were biotinylated as
described earlier and then 5� 105 cells in serum-free media
were added onto the PLA–PEG–biotin substrates that had
been patterned with av-rh. After 15min of incubation with
the cells, the patterned templates were washed with PBS.
Attached cells were observed by fluorescent microscopy. As
illustrated in Fig. 2f, cells labeled with celltracker green
were found to be bound specifically within the patterned
avidin lanes. Cell binding was minimized outside the
avidin-patterned channels by PEG presented from the
copolymer.
4. Conclusion

In summary, we have demonstrated rapid and facile
spatial control over cell attachment using avidin–biotin-
specific interactions, microfluidic patterning, cell surface
derivatization and functional polymer synthesis. This
approach has potential for multiple applications ranging
from cell sensor-based assays, immobilization of non-
adherent cells in defined regions for lab on chip applica-
tions and engineering of tissues that require a hierarchical
structure of cells.
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