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Surface modification of poly(dimethylsiloxane)
and its applications in microfluidics-based
biological analysis
Abstract: Poly(dimethylsiloxane) (PDMS)-based microfluidic systems have been gaining popularity in various applications, particularly for biological analyses because of their
non-toxicity, easy fabrication, practical scalability, optical
transparency, and low cost. However, because of the inherent
hydrophobicity of PDMS-based material, biological samples
easily and strongly interact with PDMS surfaces in biological
environments, which prevents the immediate use of PDMSbased microfluidics without any surface processing. To date,
various surface modification methods and different materials
have been utilized to improve the repelling properties of the
PDMS surface and to introduce new functional groups. Based
on the recent advances in this field, we outline the main strategies utilized in PDMS surface modification in this review.
We also present several applications of modified PDMS
surfaces in biological analysis, such as biomolecule separation, immunoassay, cell culture, and DNA hybridization.
Keywords: biological analysis; microfluidic device;
poly(dimethylsiloxane); surface modification.
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Introduction
Microfluidic systems provide a powerful platform for biological analysis and they have been utilized in various
applications, such as biosynthesis, sample purification, diagnostics, DNA sequencing, protein crystallization, and cellular analysis (Hansen et al. 2004, Liu et al.
2005a, Whitesides 2006, Regehr et al. 2009, Xie et al. 2011,
Shen et al. 2012). Compared with conventional benchtop systems, microfluidic systems often have significant
advantages, such as low reagent and sample volumes,
better mimicry of the natural tissue environment, precise
experimental control of the cellular microenvironment,
and low-cost disposable devices (Whitesides 2006, Yin
et al. 2008, Cheng et al. 2009, Gao et al. 2010, Liu et al.
2010, Sun and Fang 2010). None of these features is easily
available in conventional analytical technologies. Microfluidic devices are commonly fabricated using silicon and
glass (Kovacs 1998, Kohler et al. 1999). These materials
are, however, expensive, and their fabrication is time consuming. Moreover, their fabrication requires access to specialized facilities (Madou 1997, Kovacs 1998, Maluf 2000).
Therefore, they are only marginally useful in research
requiring rapid evaluation of prototypes.
A variety of polymeric materials, which include
poly(dimethylsiloxane) (PDMS) (McDonald et al. 2000,
Ng et al. 2002, Sia and Whitesides 2003), poly(methyl
methacrylate) (PMMA), polycarbonate (PC), poly(ethylene
terephthalate) (PET), polyurethane, poly(vinyl chloride)
(PVC), and polyester (Shadpour et al. 2006), have been
increasingly adopted in producing various microfluidic
devices (Cheng et al. 2009). Among these devices, PDMSbased microfluidic systems (Whitesides 2006, Regehr
et al. 2009, Cheng et al. 2009, Wong and Ho 2009) have
been gaining popularity because of their non-toxicity,
easy fabrication, practical scalability, optical transparency, and gas permeability. Therefore, PDMS has been
one of the most actively developed polymers for microfluidic devices (McDonald et al. 2000). The fabrication
of microstructures in a PDMS matrix is straightforward
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because it is easy to cast against suitable molds with fidelities greater than 10 μm. Moreover, PDMS has good physical and chemical properties, which makes it very suitable for microfluidic device fabrication. However, despite
these advantages, the strong hydrophobicity of the PDMS
surface prevents the immediate use of PDMS-based microfluidic devices without any surface processing. Biological
components from blood and body fluids strongly interact
with PDMS surfaces in a biological environment (Sui et
al. 2006, Zhou et al. 2009). Furthermore, the absence of
functional groups on PDMS surfaces prevents covalent
immobilization of functional molecules, such as proteins,
enzymes and antibodies. Therefore, development of efficient surface modification techniques is needed to expand
the applications of PDMS-based microfluidic systems.
To date, several approaches have been developed
to confer hydrophilicity (Lahann et al. 2003, Hong et al.
2004) and biomolecule-repelling properties (Liu et al.
2000, Lahann et al. 2003, Wu et al. 2007, Zhou et al. 2009)
to PDMS surfaces. For example, Sui et al. (2006) used
a solution phase oxidation reaction and a sequential
silanization reaction for the intact surface modification
of microfluidic channels embedded in PDMS matrices.
Yang et al. (2010) easily grafted polysaccharides carboxymethyl cellulose (CMC), carboxymethyl-β-1,3-dextran
(CMD), and alginic acid (AA) onto a PDMS surface via
covalent bonding using a photocatalyzed approach.
Zhang et al. (2011) successfully constructed reversible
PDMS surfaces via host–guest chemistry. In additional,
numerous materials, such as hydroxylpropyl methylcellulose (HPMC), poly(vinyl pyrrolidone) (PVP), dextran,
hyaluronic acid, polyacrylamide, poly(2-hydroxyethyl
methacrylate) (pHEMA), poly(vinyl alcohol) (PVA),
hydroxyethylcellulose
(HEC),
poly(N-hydroxyethyl
acrylamide) (PHEA), poly(acrylic acid) (PAAc), poly(2methacryloyloxyethyl phosphorylcholine) (PMPC), and
poly(ethylene glycol) (PEG), have also been employed for
these purposes (Doherty et al. 2003, Dolnik 2004, 2006,
Wong and Ho 2009). These efforts have greatly improved
the protein-repelling properties of PDMS substrates and
expanded the applications of PDMS-based microfluidic
systems.
The strategies utilized for PDMS surface modification can be generally categorized into physical adsorption, covalent conjugation, and a combination of the
two methods. Based on our previous studies, as well as
recent advances, we outline the current progress of these
techniques utilized for PDMS surface modification in the
present study into three categories: (1) gas phase processing; (2) wet chemical method; and (3) a combination
of the two techniques. Moreover, the review highlights

applications wherein surface-functionalized PDMS-based
microfluidics has been used in biological applications,
such as biomolecule separation, immunoassays, cell
culture, and DNA hybridization.

Gas phase processing of the PDMS
surface
Gas phase processing is the conventionally and commonly used technique for the treatment of PDMS surfaces.
The strategy generally involves four techniques, namely,
plasma oxidation, ultraviolet (UV)/ozone irradiation,
chemical vapor deposition, and coating with metals and
metal oxides.
– Plasma treatment. The term “plasma treatment”
refers to the use of plasma (the fourth state of matter
wherein gas molecules dissociate and become highly
reactive) at either low pressure or atmospheric
pressure to either increase (make hydrophilic) or
decrease (make hydrophobic) surface energy. Plasma
treatment is commonly used as a surface preparation
method prior to printing, bonding, and coating substrate surfaces. The predominant trend is the application of atmospheric chemical (gas) plasma-treatment
systems for the continuous, in-line processing of
material surfaces. These atmospheric plasma treatment (APT) systems generate an electrically charged
atmosphere similar to corona or air plasma systems,
but uses atmospheric chemicals instead of air to
introduce a wide range of surface modifications
to a substrate. The systems are characterized by
the generation of highly dense reactive species for
low-temperature material processing. APT involves
surface preparation via the breakdown of low-molecular-weight organic materials and surface decontamination, the fine etching of the surface to increase the
surface area, the grafting of new functional groups or
chemical species on the surface, and the deposition
of coatings onto the surface. The treatment process
allows the flexibility to change the chemistry of the
gas based on the requirement of each application
(Makamba et al. 2003). For PDMS surface treatment,
plasma treatment is a very common and useful
technique and is still in use (Ren et al. 2001, Peterson
et al. 2005, Vickers et al. 2006, Tan et al. 2007). For
example, Barbier et al. (2006) successfully fabricated
stable hydrophilic and patterned hydrophobic/
hydrophilic surfaces using the plasma-polymerized
deposition of acrylic acid onto the PDMS surface.
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UV/ozone treatment. Moderate treatment of the
PDMS surface with UV is done by generating atomic
oxygen using a combination of photochemical
processes. The 185 nm wavelength produces ozone
from molecular oxygen, whereas the 254 nm wavelength converts ozone to atomic oxygen (Wong and
Ho 2009). Oxidation treatment of the PDMS surface
using the UV/ozone method is generally employed to
enhance the performance of microfluidic devices by
increasing electro-osmotic flow (EOF) stability and
minimizing the adsorption of analytes in microchannels, and so on. For example, Berdichevsky et al.
(2004) successfully carried out PDMS membrane (up
to 14 μm thickness) treatment using UV/ozone oxidation. The confirmation of UV treatment penetration
and surface property conversion of PDMS membranes via transmission infrared absorption spectroscopy, contact angle measurements, and channel
cross-section visualization demonstrated that UV/
ozone treatment greatly improves the wettability and
EOF of PDMS membranes and reduces its bio-sample
adsorption properties.
Chemical vapor deposition. Chemical vapor deposition (CVD) is a chemical process used to produce a
thin film on a substrate surface via gaseous molecule
deposition, which reacts chemically onto the substrate surface (Makamba et al. 2003). The sequence
of events in CVD is typically sublimation, pyrolysis,
and deposition. The CVD of substituted (2,2′) paracyclophanes has attracted attention because they
can be used as interfaces for biomedical applications
because functional groups can be incorporated onto
their surface. The functional groups of (2,2′) paracyclophanes can be used to link biomolecules such as
antigens, proteins CT, and cell receptors, which are
then deposited on its surface (Lahann et al. 1999).
CVD-based functionalization of PDMS microfluidic
devices with poly-(para-xylylene carboxylic acid
pentafluorophenolester-co-para-xylylene) demonstrate that the resulting reactive coating has excellent
cell adhesion when deposited in thin films (∼100
nm). Additionally, the distribution of pentafluorophenol ester groups was reasonably uniform within
the microchannel inner surfaces, and was confirmed
through fluorescence microscopy. The use of these
surface-treated devices for cell-based bioassays highlights the concentration-dependent effect of disintegrin echistatin on cell adhesion (Lahann et al. 2003).
Coating with metals and metal oxides. Previous
studies have demonstrated that nanoparticles
enhance the electrophoretic performance of PDMS
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microfluidic devices (Wang et al. 2006b) and they
can be used to bind biomolecules for on-chip
immunoassays (Luo et al. 2005). In these studies,
two approaches were used to construct metal
nanoparticles-PDMS composite films. One approach
involves initially mixing the nanoparticle suspension with PDMS precursors, and then removing the
solvents from the mixture, and curing the mixture to
obtain composite films wherein the nanoparticles are
uniformly dispersed in the PDMS matrix. The other
approach involves the immobilization of nanoparticles onto pre-treated PDMS surfaces. This method is
often used to introduce nanoparticles to microfluidic
chips. In both approaches, the nanoparticles should
be pre-synthesized. Wang et al. (2006c) reported
a surface synthesis method for constructing gold
nanoparticle–PDMS composite films. In this method,
a reducing and stabilizing agent, chitosan, is first
coated onto the PDMS surface. The chitosan-coated
PDMS substrates are then immersed in HAuCl4 solution to form gold nanoparticles on their surfaces.
Additionally, a simpler approach for the in situ preparation of gold nanoparticles–PDMS films involves
the use of a residual curing agent in the PDMS matrix
to reduce HAuCl4. Therefore, the method does not
require further use of a reducing agent. The resulting
composite film can be used in biomolecule immobilization, immunoassays, and other PDMS microchipbased bioassays (Zhang et al. 2008).

Wet chemical methods
The other main type of technique used for PDMS surface
modification are wet chemical methods, which include
dynamic surface modification, deliberate protein adsorption, layer-by-layer (LBL) deposition, silanization, and
sol-gel coating.
– Dynamic surface modification. The dynamic adsorption of desired materials or functional groups
onto PDMS surfaces is a simple, rapid, and convenient technique used for PDMS surface modification. In this technique, surface modifiers such
as polymers and surfactants are first placed into a
running buffer, and are then physically adsorbed
onto the PDMS substrates to form a coating layer.
Similar to other techniques for surface modification, dynamic surface modification also regulates
EOF and prevents the adsorption of analytes. For
example, using this method, the surface modifier
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didodecyldimethylammonium bromide was added
into a running buffer to confer hydrophilicity to
PDMS surfaces in situ (Liu et al. 2005b, Zhou et al.
2010, 2012). To date, many surfactants have been
used for dynamic PDMS modification, such as
sodium dodecyl sulfate (SDS) (García et al. 2005,
Roman et al. 2006a,b), Brij35 (Dou et al. 2004),
deoxycholate (DOC) (García et al. 2005), phosphatidic acid (PA) (García et al. 2005), PVP (Kim et al.
2006), n-dodecyl-b-d-maltoside (Huang et al. 2005),
didodecyldimethylammoniumbromide (Liu et al.
2005b), and Triton X-100 (Kang et al. 2005). When
surfactants are present in the running buffer, an
increase in the EOF is observed. The separation of
biologically important analytes (glucose, penicillin, phenol, and homovanillic acid) was improved
by decreasing the analysis time from 200 s to 125 s
(García et al. 2005). Wang et al. (2006a) used a nonionic surfactant, Tween-20, to dynamically modify
PDMS microchannels. The hydrophobic PDMS channels became hydrophilic, which facilitate the separation of amino acids.
Deliberate protein adsorption. Compared with other
PDMS surface modification procedures, deliberate non-specific protein adsorption to PDMS offers
many distinct advantages, particularly in relation
to the intrinsic biocompatibility of proteins and
their molecular recognition properties (Wang et al.
2007). Of particular interest among researchers is the
use of hydrophobins as surface modifiers. Hydrophobins are a class of small, cysteine-rich proteins
similar to surfactants (Roman et al. 2006a), which
self-assemble at the water–PDMS interface, which
render the PDMS surface hydrophilic (Qin et al. 2007,
Wang et al. 2007). Eteshola and Leckband (2001)
developed a heterogeneous sandwich enzyme-linked
immunosorbent assay by depositing proteins to bind

–

antibodies onto the surface of PDMS microchannels.
In addition, this assay modifies the PDMS surface
to moderate hydrophilicity for protein immobilization with hydrophobins II (HFBI) (Figure 1). In this
method, protein immobilization is carried out on
hydrophobin-coated surfaces using microcontact
printing technology with a PDMS stamp (Xia and
Whitesides 1998, Quake and Scherer 2000). The
results suggest that HFBI assembly may be a versatile
and convenient method for the immobilization of
biomolecules on diverse substrates, which has potential applications in biosensors, immunoassays, and
microfluidic networks (Qin et al. 2007).
Layer-by-layer (LBL) assembly. LBL assembly is an
emerging strategy for the surface modification of
PDMS microfluidic devices. The LBL assembly technique generally involves the alternating adsorption
of polyanions and polycations, which can be accomplished on any substrate surface to produce polyelectrolyte multilayers (PEMs) (Makamba et al. 2005).
The LBL self-assembly of polycations and polyanions
into multilayers is an efficient, versatile, yet easy
technique for creating biologically active surfaces.
For example, the LBL technique has been reported as
an effective method for preparing chitosan and DNA
multilayer films (Liu et al. 2005c, Liu and Hu 2007). A
new method for fabricating hydrophilic and biologically active PDMS microfluidic channels based on
chitosan and DNA surface modification via LBL was
also proposed (Figure 2). The properties of the modified surfaces are characterized by total attenuated
reflection Fourier-transformed infrared spectra and
contact angle measurements. The suitability of the
modified microchannels for use in electrophoretic
devices was determined by quantifying their EOF,
measuring their stability, and the electrophoresis
of model analytes, which demonstrated that the

HFBI coating

PDMS
Pressing copper grid

Adsorption of chicken IgG

Peeling off

Exposure to FITC-labeled
anti-chicken IgG

Figure 1 HFBI coating and immunoassay on the PDMS surface (Qin et al. 2007).
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Figure 2 Modification of chitosan/DNA-modified PDMS microchip
(Liang et al. 2008).
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modified PDMS surfaces had superior stability and
reproducibility in terms of migration time and peak
areas of the analytes compared with those of unmodified surfaces (Liang et al. 2008).
Silanization. Surface silanization can be performed
on various substrates if they contain surface
hydroxyl groups, which react with alkoxysilanes
to form covalent Si-O-Si bonds with the underlying
substrate. Various functional groups can be introduced onto PDMS surfaces using amine, thiol, or
carboxyl-terminated alkoxysilanes via the silanization reaction following surface oxidation (Slentz
et al. 2001, Sui et al. 2006). Numerous studies on
silanization following plasma-based surface oxidation have been presented. However, studies on in
situ wet-chemical oxidation are few. Sui et al. (2006)
developed an in situ surface modification of PDMS
microchannels using a mixture of H2O/H2O2/HCl as
oxidation reagents. Following this method, Yang et al.
(2010) successfully grafted CMC, CMD, and AA onto
PDMS substrates. A protein adsorption assay using
bovine serum albumin (BSA), chicken egg albumin,
lysozyme, and RNase-A showed that the introduction of CMD and AA reduces the adsorption of
negatively charged bovine serum albumin (BSA) and
chicken egg albumin, but increases the adsorption of
positively charged lysozyme and RNase-A. However,
CMC-modified PDMS surfaces have protein-repelling
properties whether the protein is positively or negatively charged. A cell culture and migration study of
glioma C6, MKN-45, MCF-7, and HepG-2 cells revealed
that polysaccharide-modified PDMS greatly improves
the cytocompatibility of native PDMS.
Sol–gel coating. The methodology of sol–gel coating
involves polymerization based on the phase transition of a liquid, namely, the transition of the sol that
contains suspended particles into a solid-like state,
the “gel”. Compared with other protocols, sol–gel
coating techniques are advantageous for PDMS
surface modifications because of their highly dense
and homogeneous distribution of cross-linked “gel”
particles near the surface, which stabilizes their
surface chemistry (Roman and Culbertson 2006). Heo
and Crooks (2005) developed a microfluidic sensor
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based on an array of hydrogel-entrapped enzymes.
This sensor can be used to detect different concentrations of the same analyte (glucose) simultaneously
or multiple analytes (glucose and galactose) in real
time. The fabrication of hydrogel micropatch arrays
and microfluidic systems are straightforward, and
the hydrogels provided a convenient, biocompatible matrix for the enzymes. The isolation of micropatches in different microfluidic channels eliminates
the possibility of cross-talk between enzymes.

Combination of gas phase and wet
chemical methods
In addition to gas phase and wet chemical methods, the
combination of these two strategies is also a growing
research topic in recent years. This combined strategy
generally involves the combination of UV or plasma treatment and silanization, UV or plasma treatment and graft
polymerization, and plasma treatment and LBL assembly.
– Combination of UV or plasma treatment and silanization. Plasma treatment with O2 plasma or other
gases generates surface silanol groups, which react
with alkoxy- or chloro-silanes. Using this method,
the silanes can be easily regulated with functional
groups to produce the desired PDMS surface (Cortese
et al. 2010, Zhang et al. 2010). For example, Séguin
et al. (2010) developed a method to modify PDMS
with 3-aminopropyltrimethoxysilane (APTMS) or
3-mercaptopropyltrimethoxy silane (MPTMS). An
Ar plasma-oxidized PDMS surface was first coated
with an aluminum film to maintain a hydrophilic
surface (Figure 3). This process is used to retain the
hydrophilic surface properties until the assembly of
the desired microfluidic device. During assembly,
the aluminum is removed by etching in 1.8 mol/l
phosphoric acid for 30 min (Patrito et al. 2007). The
re-exposed hydrophilic PDMS surfaces were then
modified with APTMS or MPTMS. The water contact
angle of the APTMS- and MPTMS-modified PDMS
surfaces are 63° and 54°, respectively, whereas that of
native PDMS is 107°.
In addition, O2 plasma-pretreatment is also used to conjugate different aminonaphthol silanes covalently onto
PDMS surfaces via the silanization reaction (Cortese et al.
2010). The results show that the water contact angles of
the two surfaces modified with two different aminonaphthols decrease from 109° for native PDMS to 83° and 79°,
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1. Plasma oxidation
2. Aluminum deposition

A

F

B

Silanization

E

C

Acid etch

D

Derivatization

G
Figure 3 Diagram of the functionalization of the PDMS array. (A) Glass slide spin-coated with a thin PDMS layer. (B) PDMS substrate
covered with stainless steel mesh. (C) Substrate exposed to argon plasma followed by aluminum deposition. (D) Mesh removal revealing an
array of aluminum circles. (E) Phosphoric acid etch revealing oxidized surface. (F) Silanization to achieve desired surface functionality.
(G) Derivatization with fluorescent molecule (Séguin et al. 2010).

respectively, whereas those of the two surfaces modified
with fluorinated aminonaphthols increases from 109° to
116° and 122°, respectively.
– Combination of UV or plasma treatment and graft
polymerization. Graft polymerization is widely used
for tailoring the surface chemistry of PDMS and it
normally involves the creation of radical sites using
UV exposure as initiators for subsequent graft polymerization (Hu et al. 2002, 2004a,b, Xiao et al. 2002,
2004, Wu et al. 2004, Wang et al. 2005, Lee
et al. 2006, Patrito et al. 2006, Ebara et al. 2007, Faure
et al. 2007, Sugiura et al. 2008). UV graft polymerization is highly attractive as a method for the surface
modification of PDMS microfluidic devices, particularly when the surfaces have no chemically reactive
groups (Richey et al. 2000, Hu et al. 2002, 2004a,b).
UV irradiation generates free radicals just within the
surface regions of the polymeric materials. Figure 4
schematically illustrates the UV graft-polymerization
process (Hu et al. 2002). Ebara et al. (2007) modified
PDMS surfaces via the UV-mediated graft polymerization of temperature-responsive polymer poly(Nisopropyl acrylamide) (pNIPAAm), temperature- and
pH-responsive copolymer pNIPAAm-co-acrylic acid,
and a non-fouling hydrogel polyethyleneglycol
diacrylate. In their study, a photosensitizer is first
pre-absorbed into the PDMS channel surface regions.
Different monomer solutions are then introduced
onto the photosensitizer-containing PDMS surface
to perform graft-polymerization under UV irradiation. Further analysis showed that the pNIPAAmgrafted surface is hydrophilic below its lower critical

solution temperature and is resistant to non-specific
adsorption.
Functional group implantation using plasma grafting
(Inagki 1997) has also been gaining popularity as an alternative technique for PDMS surface modification because
it produces uniform, modification-controlled surfaces.
Bodas and Khan-Malek (2007) investigated the hydrophilic

Figure 4 Reaction mechanism of UV graft-polymerization onto
the PDMS surface. Step (A) shows the formation of radicals on the
PDMS surface via UV irradiation. Step (B) shows the initiation of
the polymerization reaction. R is the monomer side group (Hu et al.
2002).
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stability of plasma-treated polymerization on PDMS surfaces using a hydrophilic monomer, 2-hydroxyethyl methacrylate (HEMA). HEMA monomers are first spin-coated onto
plasma-treated PDMS surfaces to graft the polymer onto the
PDMS surfaces. The surfaces are then treated with oxygen
plasma to cross-link the polymer. Hydrophobic recovery
tests showed that the water contact angle of the modified
PDMS surface increases from 7° to 49° in 2 weeks. Similarly,
the oxygen plasma-based polymerization process is also
used to graft copolymers HEMA and acrylic acid (AA) onto
PDMS surfaces (Karkhaneh et al. 2007). Initially, oxygen
plasma-based PDMS surfaces are obtained by immersing
PDMS substrates into HEMA and AA monomers to allow the
monomers to be adsorbed onto the PDMS surfaces, which
are then treated via oxygen plasma polymerization. The
hydrophobic recovery test revealed that higher HEMA ratios
in the mixture yield higher water contact angles because
the hydroxyl groups in AA are replaced by methyl groups in
HEMA, which minimizes the surface energy.
– Combination of plasma treatment and LBL assembly.
He et al. (2011) immersed an air plasma-treated PDMS
surface into an aqueous solution of 2 wt% PVA and
5 wt% glycerol followed by heating to immobilize
PVA and glycerol onto PDMS surfaces. The procedure
is repeated to form a second coating. Water contact
angle measurements revealed that the water contact
angle of the modified PDMS surface decreases to 6°.
After storing the substrates for 90 days in air, the
water contact angle only slightly increases to 20°. Most

PDMS
channel

A
LBL
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stable hydrophilic PDMS surfaces have been fabricated thus far using this technique. However, atomic
force microscope images show that PVA and PVA/
glycerol-modified surfaces significantly increase
surface roughness compared with that of native PDMS.
Sung et al. (2009) attempted to bond layers covalently to increase the stability of PEMs. O2 plasma–
pretreated PDMS microchannels are then coated with
multiple layers of poly(ethyleneimine) and poly(acrylic
acid) (PAAc). The layers are then cross-linked using
N -(3-dimethylaminopropyl)- N ′ -ethylcarbodiimide
hydrochloride/N-hydroxy-succinimide (EDC/NHS) coupling. The photoinitiator benzophenone is then allowed
to penetrate into the outer PDMS layer. An aqueous
monomer precursor solution containing acrylamide, bisacrylamide, glycerol, and acrylate-PEG-protein G is introduced into the microchannel and exposed to UV light in
certain regions through a microscope objective. Hydrogel
plugs functionalized with protein G are then formed in
sections along the microchannel (Figure 5).

Applications of PDMS surface
modification in biological analysis
Microfluidic devices have gained increasing attention in
many disciplines because of their low sample and reagent

B
PI

Protein G

C

Precursor
addition

E

D
UV

Figure 5 Fabrication of protein G-immobilized hydrogel chip. (A) PDMS surface modification with PEMs [poly(ethyleneimine)/PAAc] in
the microchannel via LBL. (B) Absorption of the photoinitiator (PI) into the PEMs-modified PDMS microchannel. (C) Protein G is covalently
bonded to NHSPEG-acrylate molecules for copolymerization with acrylamide/bisacrylamide. (D) Certain regions in the PEM-modified PDMS
microchannel are exposed to UV light through a microscope objective for in situ synthesis of hydrogel plugs in the PEM-modified PDMS
microchannel. (E) Patterned hydrogel plugs are formed within PDMS microchannels (Sung et al. 2009).
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consumption. Compared with silicon- and glass-based
microfluidic devices, PDMS-based microfluidic systems
(Whitesides 2006, Cheng et al. 2009, Regehr et al. 2009,
Wong and Ho 2009) have gained increasing attention
because of their (Hansen et al. 2004, Whitesides 2006,
Wong and Ho 2009) non-toxicity, easy fabrication, practical scalability, optical transparency, and gas permeability.
In addition, the modification of PDMS surfaces has greatly
improved PDMS-based microfluidic bio-applications,
such as biomolecule separation (Han et al. 2009, Kuo
et al. 2009, Zhang et al. 2009, 2010, Zhou et al. 2009, Li and
Kim 2011), immunoassay (Sung et al. 2009, Pereira et al.
2011, Schrott et al. 2011), and cell-based biological analysis (Hattori et al. 2010, Séguin et al. 2010). A summary of
the applications of PDMS surface modification in biological analysis is listed in Table 1. The following section highlights some of the more recent advances in the application
of PDMS surface modification in microfluidics-based biological analysis, which include biomolecule separation,
immunoassays, cell culture, and DNA hybridization.
– Biomolecule separation. Surface modification is commonly necessary before the use of PDMS microfluidic
devices for biomolecule separation because of the

non-specific absorption of analytes on microfluidic
channels. After modification with polyacrylamide
using atom-transfer radical polymerization, Xiao et
al. (2004) electrophoresed two proteins using PDMS
microfluidic devices. The surface modification of the
microchannels involved surface oxidation, formation
of a self-assembled monolayer of benzyl chloride
initiators, and atom-transfer radical polymerization to obtain a thin layer of covalently bonded
polyacrylamide. The results demonstrated that the
surface modification decreased both reversible and
irreversible adsorption of BSA compared with a commercial silica capillary coated with a conventionally
polymerized layer of polyacrylamide. Furthermore,
lysozyme and cytochrome c is separated within 35 s
using the PDMS microfluidic device. Moreover,
adsorption did not occur on the surface. Dou et al.
(2004) described a PDMS microfluidic device for
protein (glucose and myoglobin) separation. The
surface of PDMS microchannels became hydrophilic when coated with Brij35, which facilitated
the elimination of protein adsorption, and a stable
and decreased EOF was achieved in the modified

Surface modification

Material

Application

Reference

Plasma
Plasma
Plasma+silanization

Poly(acrylic acid)(PAAc)
Phosphatidylcholine
Calixarene bearing three dansyl groups and one long
alkyl chain terminated by an alcohol function
PEG
Gold nanoparticles
Ag nanoparticles
Polydopamine/gold nanoparticles
Sodium dodecyl sulfate and N-tetradecylammoniumN,N-dimethyl-3-ammonio-1-propanesulfonate
Poly(dimethylsiloxane-ethylene oxide polymeric)
(PDMS-b-PEO)
Hyperbranched polyglycerols

DNA hybridization
Immunoassay
As a portable sensor

Zhou et al. 2010
Phillips and Cheng 2005
Faye et al. 2012

Separation of amino acids
Capillary electrophoresis
Cell culture
Separation of amino acids
Capillary electrophoresis

Zhang et al. 2009
Fan et al. 2010
Bai et al. 2010
Liang et al. 2011
Guan et al. 2012

Capillary electrophoresis

Yao and Fang 2012

Capture/release of proteins

Yeh et al. 2010

Poly(3,4,5-tris(2-(2-(2-hydroxylethoxy)ethoxy)
ethoxy)benzyl methacrylate)
Poly(N-isopropylacrylamide)

Anti-fouling

Zhang et al. 2011

Capture/release of proteins

Hoffman et al. 2010

Poly(acrylic acid)(PAAc)

Formation of emulsions

Schneider et al. 2010

ZnO QDs

Measure the whole-chip
temperature
DNA hybridization
Separation of uric acid and
ascorbic acid
Formation of emulsions
Cell culture

Zhou et al. 2009

Silanization
Coating with metals
Coating with metals
Coating with metals
Dynamic surface
modification
Dynamic surface
modification
Graft polymer
coating
Graft polymer
coating
Graft polymer
coating
Graft polymer
coating
Prepolymer
Prepolymer
LBL

Undecylenic acid
Chitosan and deoxyribonucleic acid

LBL
LBL+graft polymer

Poly(sodium4-styrenesulfonate)
PAAc-g-PEG

Table 1 Summary of the applications of PDMS surface modification in biological analysis.

Zhou et al. 2010
Liang et al. 2008
Bauer et al. 2010
Schmolke et al. 2010
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microchannels. The separation of glucose oxidase
and myoglobin in these microfluidic devices indicates that protein analyses using such microchannels
require shorter rinsing times, thus greatly improving
the separation efficiency. Large protein molecules
are easily detected with better reproducibility and
enhanced plate numbers. Glucose oxidase and myoglobin were separated in this device using a strong
alkaline medium.
Hu et al. (2003) developed a strategy using UV to polymerize monomer mixtures onto the microchannel surface
of PDMS microfluidic devices. Using this device, optimal
separations were achieved. The separation efficiency for
biologically relevant peptides (kinase substrates) was as
high as 18,600 theoretical plates in a 2.5 cm channel. The
test peptides are fluorescein-AEE EIY GEF EAK KKK, fluorescein-GRP RAA TFA EG, fluorescein-GRP RAA (T-PO3)
FAEG, fluorescein-DLD VPI PGR FDR RVS VAAE, and fluorescein-DLD VPI PGR FDR RV (S-PO3) VAAE. The separations between two different peptides were achieved
in as little as 400 ms after injection into the separation
channel.
Liang et al. (2011) modified PDMS microchannels with
polydopamine/gold nanoparticles (PDA/AuNPs) to create
a hydrophilic, biofouling-resistant surface (Figure 6).
Compared with native PDMS microchannels, the modified
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surfaces exhibited better wettability, high stability, suppressed electro-osmotic mobility, and less non-specific
adsorption towards biomolecules. The five amino acids
arginine, proline, histidine, valine and threonine, were
successfully separated within 60 s on the PDA/AuNPcoated PDMS microchannel.
PDMS microfluidic devices are also used to separate DNA. DNA fragments do not separate well in open
channels because different sizes exhibit similar chargeto-mass ratios (Sia and Whitesides 2003). Kuo et al.
(2009) used pre-concentrated DNA on a microfluidic
device coated with a polybrene/dextran sulfate bilayer
using a closed valve. This closed valve with anionic
surface charges formed a nanoscale channel that allows
the passage of electric current and traps the negatively
charged DNA. Therefore, the DNA fragments need to be
pre-concentrated. The technique showed an increase in
the fluorescence intensity of the labeled DNA by up to
three orders of magnitude with only 2 min of pre-concentration. Once the valve is opened (actuated), the DNA
flows through and is separated in the larger channel. A
total of 11 double-stranded DNA fragments (72–1353 bp)
from bacteriophage ΦX174 (digested with Hael III) were
successfully separated in the large channel. A much
shorter separation time (180 s) is achieved in this device
compared with (PVA)3-modified PDMS microchannels
(400 s) (Wu et al. 2005).

Figure 6 (A) Construction of PDA/AuNP-modified PDMS microfluidic devices. (B) Separation mechanism of the electrophoretic microchip
system for analysis of five amino acids integrated with end-channel electrochemical detection (Liang et al. 2011).
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Immunoassays. PDMS microchannel surfaces have
been modified with phospholipids to detect antidinitrophenyl antibodies (Yang et al. 2001) or with
proteins to quantify sheep immunoglobulin M (IgM)
(Eteshola and Leckband 2001). Luo et al. (2005)
described a simple but highly specific immunoassay
system for goat anti-human IgG assay. The whole
assay in this study is based on the deposition of gold
nanoparticles (coated with protein antigens in the
presence of their corresponding antibodies) onto
PDMS microchannel surfaces. Using this device,
the effects of time accumulation, flow velocity, and
antibody concentration on the red light absorption
percentage (RAP) of deposition are determined using
an ordinary optical microscope. By controlling the
reaction time and flow velocity, a dynamic range of
three orders of magnitude and a detection sensitivity of 10 ng/ml of goat anti-human IgG are achieved.
In addition, Sui et al. (2006) modified an aminosilanized PDMS microchannel with thiophosgen to
generate isothiocyanate groups (Figure 7). Prostate
stem cell antigen (PSCA) is then covalently grafted
onto the microchannel via urea bond formation. The
resulting surface is used to detect a prostate cancer
biomarker anti-PSCA, and fluorescence microscopy
is used to analyze the molecular recognition properties of anti-PSCA.

The construction of reversible PDMS surfaces via host–
guest chemistry is of particular interest among researchers. Using host–guest interactions between azobenzenes
and cyclodextrins (CD), Zhang et al. (2011) developed a
new strategy for preparing a dual-functionalized PDMS
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surface using surface-initiated atom-transfer radical
polymerization (SI-ATRP) and click chemistry. The sandwich fluoroimmunoassay (Figure 8) of the cardiac marker
myoglobin and fatty acid-binding protein (H-FABP)
revealed that CD-modified PDMS surfaces could be repeatedly used in disease biomarker analysis.
– Cell culture. Microfluidic devices provide experimentally viable microenvironments for cell culture with
large surface-to-volume ratio and fluidic properties
that mimic in vivo environments (Leclerc et al. 2004).
Controlling cell behavior in microchannels is highly
advantageous for the fundamental studies on cell–
surface and cell–cell interactions (Matsubara et al.
2004, Sui et al. 2006, Mehta et al. 2007). Sui et al.
(2006) attached the amino-terminated Arg-Gly-Asp
onto an isothiocyanate-modified PDMS microchannel to facilitate the adhesion of A427 cells (a colon
cancer cell line). The results show that the cells
survive for 4 days at 37°C when the cell culture
medium is continuously refreshed, whereas very few
cells are retained on native PDMS microchannels.
Using CMC-, CMD-, and AA-modified PDMS devices,
Yang et al. (2010) investigated various cell cultures
and migrations. The results showed that the modified
surfaces greatly improved PDMS cytocompatibility.
Moreover, the glioma C6, MKN-45, MCF-7, and HepG-2
cells grew well and had good migration ability on the
modified surfaces compared with native PDMS.
– DNA hybridization. Developing a quick and accurate
way to analyze DNA hybridization plays an important
role in profiling genetic diseases and gene expression. One of the most popular approaches to DNA
hybridization analysis is the use of microarray devices
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Figure 7 Schematic representation of the immunoassay for detecting and quantifying anti-PSCA using PSCA-grafted microchannels
(Sui et al. 2006).
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Myoglobin

Azobenzene-modified
Anti-myoglobin 7C3

Azobenzene-modified
Anti-H-FABP 10E1

(i)

A

(ii)

PDMS

B

H-FABP

PDMS

PDMS
PDMS-PEG-CD
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PDMS

UV (365 nm)

PDMS

(iii)
FITC-labeled antimyoglobin 4E2

PDMS

187

(iv)

C
Alexa fluor594-labeled
anti-H-FABP 9F3

D

PDMS

Figure 8 Host–guest interaction-based sandwich fluoroimmunoassay of the cardiac marker myoglobin and H-FABP, and the regeneration
of the PDMS–PEG–CD surface under UV irradiation: left side for myoglobin [(i)→(ii)→(iii)→(iv)]; right side for H-FABP [(A)→(B)→(C)→(D)]
(Zhang et al. 2011).

fluorescence intensity across the microchannels suggests that the target DNA fragments could be semiquantitatively detected with reasonable specificity. In
addition, Kim et al. (2007) described an on-chip analytical method for DNA hybridization, which involved
a PDMS microfluidic sensor using fluorescence energy
transfer (Figure 9). In their study, a new hybridization
analysis technique using a molecular beacon (MB)
and a PDMS microfluidic channel was developed. In

(Lipshutz et al. 1999). Sui et al. (2006) immobilized
an amino-terminated 21mer oligonucleotide (5′-NH2(CH2)6-TTT TTT GGT TGG TGT GGT TGG-3′) on the
surface of an isothiocyanate-modified PDMS microchannel for DNA hybridization assays. DNA hybridization occurs inside the microchannel using an oligonucleotide (5′-Cy3-CCA ACC ACA CCA ACC A-3′) labeled
with a complementary dye. The results were detected
using fluorescence microscopy. The integration of
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E

D
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Donor dye
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5′

Quencher
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Figure 9 (A) Schematic representation of the molecular beacon and its operating principle. Target hybridization leads to the separation
of the fluorophore (FAM) and quencher (DABCYL) and a consequent fluorescent signal. (B) Schematic representation of an alligator-teethshaped PDMS microfluidic channel. The seven boxes correspond to the fluorescence measurement areas (Kim et al. 2007).
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the MB, a fluorescent moiety is attached to the end of
one arm, and a non-fluorescent quencher is attached
to the end of the other arm. By monitoring the changes
in the intensity of the restored fluorescence along
the channel length, the MB hybridization with the
target DNA is rapidly detected. In this technique, the
target DNA does not need to be labeled. When DNA
hybridization was detected at a flow rate of 10.0 μl/
min, the total analysis is completed within 20 s. The
experimental results demonstrate that MB-based DNA
analysis combined with the continuous flow of the
microfluidic device is a promising diagnostic tool for
high-throughput bioanalyses.

Outlook and conclusions
The recent surface modification techniques for customizing the surface properties of PDMS render microfluidic
devices based on this material more suitable for biological analysis. PDMS is a versatile material with excellent
properties for microfluidic devices. It is affordable, easily
moldable, and accessible to laboratories worldwide.
However, its inherent hydrophobicity limits its applications. Recent surface modification techniques include gas

phase processing, wet chemical methods, and a combination of both. Of particular interest among researchers
is the increased use of combined techniques for surface
modification, which show the greatest potential in terms
of surface stability, short treatment time, and mild reaction conditions. In addition, these surface-modified
PDMS microfluidic devices are ideal for applications such
as biomolecule separation, immunoassays, cell culture,
and DNA hybridization. However, many areas in PDMS
surface modification can be explored further. Moreover,
we anticipate the development of novel applications for
PDMS microfluidic devices in biological analysis using
these new surface modification techniques.
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