
305

Chapter 11
Microfluidic Systems with Functional Patterned 
Surface for Biomedical Applications

Kin Fong Lei, I-Chi Lee and Tim C. Lei

© Springer International Publishing Switzerland 2015
J. Rodríguez-Hernández, A. L. Cortajarena (eds.), Design of Polymeric Platforms  
for Selective Biorecognition, DOI 10.1007/978-3-319-17061-9_11

K. F. Lei ()
Graduate Institute of Medical Mechatronics, Chang Gung University, 
259 Wen-Hwa 1st Road, Kwei-Shan, Tao-Yuan, Taiwan 333 
e-mail: kflei@mail.cgu.edu.tw

Department of Mechanical Engineering, Chang Gung University, Kwei-Shan, Tao-Yuan, Taiwan

I.-C. Lee
Graduate Institute of Biochemical and Biomedical Engineering, 
Chang Gung University, Kwei-Shan, Tao-Yuan, Taiwan

T. C. Lei
Department of Electrical Engineering, University of Colorado Denver, Denver, USA

11.1 � Introduction

In the past decades, microfluidics system, also called “lab-on-chip (LOC),” 
“biochip,” or “micro-total-analysis-system (µTAS),” has been rapidly developed, 
and a number of biomedical applications have been demonstrated using microflu-
idic technology [1–4]. It is a very exciting multidisciplinary topic of the combina-
tion of engineering and life science. One of the objectives of the development is to 
substitute the bioanalytical equipment performing in a conventional laboratory to 
an automated and miniaturized device operating in a remote environment. A total 
solution starting from sample pretreatment, sample/reagent manipulation, separa-
tion, reaction, detection, to analytical result display can be automatically conduct-
ed in a single compact device. Due to their miniaturization and automation, there 
are a number of advantages of using microfluidic systems such as less sample/
reagent consumption, reduced risk of contamination, less cost per analysis, lower 
power consumption, faster analysis, enhanced sensitivity and specificity, and higher 
reliability.

The development of microfluidic technology began from micro-electrome-
chanical system (MEMS) manufacturing infrastructure, which is silicon-based 
fabrication process. Beside the conventional surface microfabrication technique, 
high-aspect ratio fabrication processes were specifically developed for MEMS such 
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as deep reactive ion etching (DRIE), LIGA, and substrate bonding techniques [5–7]. 
Based on the well-established silicon microfabrication process and extensive stud-
ies of silicon property, development of microfluidic technology has rapidly grown 
and silicon-based microfluidic systems have been demonstrated on various fluidic 
functions [8–11]. However, most of the biological activities are commonly repre-
sented by optical signals. Silicon substrate is not optically transparent and may be 
limited to be used in the biomedical applications. Hence, glass and polymer materi-
als were introduced for the substrates of microfluidic systems. Polymer materials 
include polymethylmethacrylate (PMMA), polystyrene (PS), polycarbonate (PC), 
and polydimethylsiloxane (PDMS) and they are less expensive, flexible, optical 
transparent, and biocompatible. Some newly developed fabrication techniques were 
proposed such as soft lithography, hot embossing, injection molding, and low-tem-
perature polymer bonding [12–16]. Currently, glass and polymer materials are the 
most widely used substrates for the development of microfluidic systems [17–19], 
and a lot of excellent demonstrations have been reported for diagnostic applications 
[1, 20]. These systems are much more automated and miniaturized and may achieve 
the objective of substitution of bioanalytical equipment performing in a convention-
al laboratory. But for the applications specifically aimed at rapid diagnostics, they 
are still not readily accessible to untrained personnel and are not appropriate for re-
mote environment [21]. Most recently, paper has been proposed to be an alternative 
material used for the substrates of the microfluidic systems. It has the advantages 
of low cost, biocompatibility, disposability, and passive aqueous transportation and 
was suggested to be suitable for rapid diagnostics in remote environment [22]. The 
paper-based microfluidic systems can be realized by patterning sheets of paper into 
hydrophilic channels bounded by hydrophobic barriers based on the technologies 
of photolithography [23, 24], wax printing [25, 26], polydimethylsiloxane (PDMS) 
printing [27], and plasma treatment [28]. Based on these fabrication techniques, a 
number of biomedical applications have been demonstrated including colorimetric 
bio-assays [22, 29–30], electrochemical bio-assays [23, 31, 32], and paper-based 
enzyme-linked immunosorbent assay (ELISA) [33–36]. Conclusively, a board 
spectrum of materials and fabrication techniques have been used and developed for 
the microfluidic systems. The technology is mature to design and fabricate auto-
mated and miniaturized devices for various applications.

A wide range of biomedical applications have been implemented to the micro-
fluidic systems, such as DNA analysis [37–42], immunoassay [43–47], and cell 
analysis [48–52]. These demonstrations showed the power of microfluidic technol-
ogy and its capability of performing complex analytical problems. In addition, in 
order to have more specific functions in microfluidic systems, surface modifica-
tions were introduced to improve the performance of the systems. The aim of this 
chapter focuses some of the recent developments of functional patterned surfaces in 
microfluidic systems. In-depth discussions of the surface modification technologies 
and their applications of fluid manipulation, suppression of biomolecule adsorption, 
control of cellular behavior, and biosensing are respectively included. The current 
excellent integration of microfluidic technology and surface chemistry suggests a 
solid foundation for the development of practical biomedical applications.
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11.2 � Modification of Surface Wetting Property

Surface wetting property can be modified to become hydrophobic or hydrophilic.  
Hydrophobic surfaces can be produced by coating hydrophobic non-polar mol-
ecules on top of them. With the hydrophobic coating, water on the surface exhibits 
a high contact angle θ, as illustrated in Fig. 11.1a. The determination of the contact 
angle is based on the result of the mechanical equilibrium of a droplet resting on a 
solid surface [53]. This is the action of three surface tensions: γLG at the interface 
of the liquid and gas; γSL at the interface of the solid and liquid; and γSG at the in-
terface of the solid and gas. In contrast, hydrophilic surface is the surface modified 
by hydrophilic molecules which attract water. That is, water on hydrophilic surface 
exhibits a low contact angle, as illustrated in Fig. 11.1b. In general, if the water 
contact angle is larger than 90°, the solid surface is considered as hydrophobic, and 
if the water contact angle is smaller than 90°, the solid surface is considered to be 
hydrophilic. Surface wetting property can be modified by coating a layer of self-
assembled monolayer (SAM). In the following, applications of fluid manipulation 
and suppression of bimolecular absorption through controlling the surface wetting 
property are discussed in this section. 

11.2.1 � SAM Coating

SAM of an organic molecule is a molecular assembly formed spontaneously on a 
surface. In some cases, SAM consists of head group, tail, and functional end group, 
as illustrated in Fig. 11.2. The head group has a strong affinity to the substrate and 
anchoring the molecule to the surface. Common head groups include thiols, silanes, 
and phosphonates. SAM can be created by first chemisorping the molecules to the 
substrate with the head groups through vapor or lipid phase deposition. A slow 
reorganization of the tails of the molecules after the deposition forms the SAM 
coating. Finally, substrate surface is covered in a single monolayer. Depending on 

a b 

Fig. 11.1   Illustration of surface wetting property. a Water on hydrophobic surface. b Water on 
hydrophilic surface
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the molecular property of the SAM, either hydrophobic or hydrophilic surface can 
therefore be created.

Silicon and glass surfaces consist of siloxane (Si-O-Si) bonds, which can rap-
idly acquire silanol (Si-OH) groups after contacting with water or atmospheric 
moisture. These –OH groups are polar and therefore make the surface hydrophilic 
[54]. Typically, a bare glass surface has a water contact angle of around 70–80°. 
To further enhance the hydrophilic property of the surface, SAM can be coated, 
and the water contact angle of the SAM-treated surface can be achieved to be 
as low as 40°. Example of the widely used hydrophilic molecule immobilized 
on glass substrate is 2-methoxy(polyethylenoxy)propyl trichlorosilane (PEG-
silane). In contrast, octadecyltrichlorosilane (OTS) is the most commonly used 
hydrophobic molecule to change the substrate to be hydrophobic. The water con-
tact angle of an OTS-treated surface is typically around 110°. A silicon or a glass 
surface can be dipped into an organic solvent dissolved with SAM molecules, 
such as hexadecane (HD) or dichloromethane. Illustration of the process is shown 
in Fig. 11.3. The trichlorosilane (HSiCl3) group of the SAM molecules acts as the 
polar end of an amphiphilic molecule and attracts a layer of water to be bound 
to the silanol groups of the silicon or glass surface. Upon contact with water, the 
molecule is hydrolyzed with the elimination of HCl. The –OH groups of the mol-
ecules are then created hydrogen bonds with the silanol groups at the substrate 
surface with the elimination of H2O. Finally, SAM can be coated on the entire 
substrate surface to modify the substrate surface wetting property.

PDMS is also a widely used material for the development of microfluidic sys-
tems. Original PDMS surface is hydrophobic and has a water contact angle of around 
110°. To modify PDMS surface to be hydrophilic, plasma activation or SAM coat-

Fig. 11.2   Representation of 
an SAM structure
 

Fig. 11.3   Formation of SAM molecules on silicon or glass surface
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ing can be used. In plasma activation, hydrogen atoms of PDMS are first removed 
from the polymer chain, and the activated surface reacts with the oxygen or mois-
ture in the air, forming SiO2, Si-OH, or Si-CH2OH groups on the PDMS surface 
[55, 56]. These polar groups make the surface hydrophilic immediately after the 
plasma treatment. However, the surface regains its original hydrophobic character 
after several days. In order to stabilize the surface wetting property, incorporation 
of monomer molecules, e.g., poly(ethylene glycol) (PEG) and poly(oxyethylene) 
(POE), can modify the PDMS surface to be hydrophilic. These molecules have 
polar groups that increase dipole–dipole interactions. The PDMS surface finally 
has a water contact angle of around 40°. By coating the SAM, the surface wetting 
property of PDMS material can be modified.

11.2.2 � Application Examples—Fluid Manipulation

Fluid manipulation in microfluidic systems can be realized by various fluid compo-
nents such as micropumps [57, 58] and microvalves [59, 60]. To generate pumping 
and valving functions, most of these components were composed of moving parts 
and involved complicated fabrication process. An alternative method was proposed 
to modify the surface wetting property to induce passive pumping and valving 
functions. By special arrangement of hydrophilic and hydrophobic surfaces in the 
microfluidic systems, passive fluid manipulation can be realized without moving 
parts. To pattern hydrophobic and hydrophilic SAM in microfluidic systems, multi-
stream laminar flow and UV photolithography were respectively proposed [61–63]. 
The former one was to pattern the surface inside channel networks by combining 
multistream liquid laminar flow and SAM chemistry. Pressure-sensitive microflu-
idic gates were demonstrated, and hydrophobic molecules of OTS and heptadeca-
fluoro-1,1,2,2-tetrahydrodecyltrichlorosilane (HFTS) were used to coat on glass 
surface [62]. Three solutions of HD, OTS in HD, and HFTS in HD were pumped 
into the channels and maintained under laminar flow for a predetermined period 
of time, as illustrated in Fig. 11.4a. Hence, SAMs formed on the top and bottom 
substrates of the channels simultaneously in the areas where OTS and HFTS solu-
tions flowed through, while other areas remained hydrophilic. Once the surface was 
patterned, aqueous dye solution was pumped along the hydrophilic pathway at three 
different pressures of spontaneous flow, 26 mmH2O, and 39 mmH2O. As shown in 
Fig. 11.4b–d, solution was confined to the hydrophilic pathway under spontaneous 
flow condition and flowed into the hydrophobic regions when pressures exceeded 
critical values.

Alternatively, patterning the surface by UV photolithography combined with 
photocleavable SMA of 2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-pentadecafluoro-1-octyl 
4-(11-trichlorosilyl-1-oxoundecyloxymethyl)-3-nitrobenzoate (F-SAM) was re-
ported to generate hydrophilic and hydrophobic surface patterns for fabricating mi-
crofluidic gates [62]. Upon exposure to UV irradiation, the o-nitrobenzyl-oxygen 
bond in the F-SAM was cleaved and thus the carboxylic acid groups were exposed 
to the air interface, making the surface hydrophilic. Illustration of photodeprotection 
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of F-SAM upon exposure to UV irradiation is shown in Fig. 11.5a. The water con-
tact angle on F-SAM-coated cover glass could be adjusted by the UV irradiation 
time, as shown in Fig. 11.5b. The contact angle decreased rapidly in the beginning 
but leveled off after 90 min. Thus, patterning different surface wetting properties 
inside microchannel was demonstrated by different irradiation times on the F-SAM-
coated surface. As shown in Fig. 11.6a, regions A and B were irradiated for 120 and 
60 min, respectively, resulting in the contact angles of 69° and 76°, respectively. 
Under spontaneous flow condition, water was confined in region A, as shown in 
Fig. 11.6b. Increasing water pressure led to water flowing into region B, as shown in 
Fig. 11.6c, d. As there was no physical wall on the sides of the liquid streams, liquid 
was referred to as being confined by virtual walls.

11.2.3 � Application Examples—Suppression of Biomolecule 
Adsorption

Hydrophobic surfaces cause adsorption of significant amounts of protein from the 
surrounding biological environment, resulted in microbial adhesion and biofilm for-
mation. In some cases, the adsorption of nonspecific proteins leads to failure of the 

Fig. 11.4   a Schematic illustrations of multistream laminar flow of HD, a solution of OTS in HD, 
and a solution of HFTS in HD. b-d Optical micrograph of an aqueous dye solution flowing b along 
the hydrophilic pathway under spontaneous flow conditions, c into the OTS region under a pres-
sure of 26 mmH2O, and d into the HFTS region under a pressure of 39 mmH2O. (Reprinted with 
permission from [62]. Copyright (2003) American Chemistry Society.)
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device [64, 65]. Therefore, it is desirable to modify surfaces of the devices to reduce 
absorption of proteins and adhesion of cells [66–69]. These were demonstrated by 
PEG-grafted PDMS surfaces [68]. The monomer of polyethylene glycol diacrylate 
(PEGDA) was used, and the micropatterned PEGDA-grafted PDMS surface was 
prepared by photo-induced graft polymerization. After an application of PEGDA 
on the surface, UV light was irradiated through a photomask with an array of black 
squares to obtain a completely grafted surface. The PDMS surface was then rinsed 
and dried. Fluoresceien isothiocyanate-labeled bovine albumin (FITC-BSA) and 
HepG2 cells were respectively added to the mciropatterned PEGDA-grafted PDMS 
surfaces and were then incubated. Adsorption of FITC-BSA and HepG2 cells are 

Fig. 11.5   a Photodeprotection of F-SAM upon exposure to UV irradiation. b Effect of UV irradia-
tion time on the surface wettability of F-SAM. (Reprinted with permission from [62]. Copyright 
(2003) American Chemistry Society.)
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respectively shown in Fig. 11.7 and Fig. 11.8. The green fluorescence intensity was 
proportional to the amount of the adsorbed BSA and suggested that the untreated 
PDMS area adsorbed more proteins than the PEGDA-grafted area. The HepG2 cells 
were not observed to attach to the PEG-covered area. These results indicated that 
the PEGDA-grafted layer prevents nonspecific protein adsorption and cell adhesion 
on PDMS.

A more specific biomedical application requiring suppression of biomolecule 
adsorption is electrophoretic separations of biological compounds. PDMS micro-
fluidic devices are hampered with unwanted adsorption of biomolecules. Covalent 
coating of POE molecules of varying chain lengths as well as physical adsorption 
of triblock-copolymers of Pluronic® F108 and L101 on PDMS surface were per-
formed to compare the electroosmotic mobilities of microchannels [69]. Results 
revealed that all of the above surface coatings led to reductions of electroosmotic 
flow. However, molecules with smaller POE tails, such as Si-POE(8) and L101, 
were the least effective. Molecules with longer POE tails (POE units > 70) are 
more effective but risk a consequence of lower electroosmotic velocity per unit 
field strength. Therefore, tailoring POE length may be a good parameter to control 
electroosmotic velocity in PDMS microchannels.

Fig. 11.6   a Optical micrograph of the photomask that was used in patterning surface free energies 
inside a microchannel. b Optical micrograph of a water stream under spontaneous flow condition. 
c, d Optical micrographs of water flow under a pressure of 12 mm H2O recorded at different times. 
(Reprinted with permission from [62]. Copyright (2003) American Chemistry Society.)
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11.3 � Creation of Cyto-compatible Surfaces

To promote the cell adhesion on the substrate surface, protein and peptide molecules 
were used as coating materials, such as fibronectin protein [70] and Arg-Gly-Asp 
(RGD) peptide [71]. Better cell attachment was demonstrated on these immobilized 
surfaces, but the protein and peptide immobilization processes involve complicated 
protocol which may lead to uncontrollable surface absorption. Therefore, develop-
ment of new coating techniques was being pursued to improve cyto-compatibility 
using extracellular matrix (ECM) components and microstructures. In this section, 
the use of polyelectrolyte multilayer (PEM) film on solid surfaces to control cellular 
behaviors is being discussed.

11.3.1 � PEM Film Coating

Coating a PEM film on a solid surface relies on nonstochiometric electrostatic inter-
actions and cationic and anionic polyelectrolyte layers are absorbed to the surface 

Fig. 11.8   Optical micro-
graphs of HepG2 cells cul-
tured on the micropatterned 
PEGDA-grafted PDMS 
observed through a a 4 × 
objective lens and b a 10 × 
objective lens. (Reprinted 
with permission from [68]. 
Copyright (2008) Elsevier.)

 

Fig. 11.7   FITC-BSA adsorp-
tion onto the micropatterned 
PEGDA-grafted PDMS. 
(Reprinted with permission from 
[68]. Copyright (2008) Elsevier.)
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alternatively. Poly-L-lysine (PLL) is postively charged and is widely used for pro-
moting cell adhesion to solid surfaces [72, 73]. Poly-L-glutamine acid (PLGA) is 
negatively charged and is known to be a biodegradable material [74]. Layer-by-
layer assembly of PEM film has been demonstrated for the improvement of cyto-
compatibility and the control of cellular behavior [75–80]. This method provides 
adjustable film properties in terms of thickness, morphology, and internal molecular 
structure [81, 82].

11.3.2 � Application Examples—Control of Cellular Behavior

Surface morphology of a hyaluronic acid (HA)-based PEM film (bilayer number 
< 9) deposited on the amino-functionalized glass slides was investigated to have a 
nanoscale roughness ranging from 10 to 100  nm [75]. Primary hippocampal and 
cortical neural cells were cultured on the HA/Collagen type I (COL) PEM films 
for 5 days. The statistical results of neurite lengths of the neurons on different bi-
layer numbers of HA/COL films are shown in Fig. 11.9. The neurite lengths of the 
COL-terminated films were significantly longer than those of the HA-terminated 
films where they had a very close bilayer number. However, neurons grown on (HA/
COL)4.5 and (HA/COL)8 films had no significant difference in neurite lengths. It was 
pointed out that neurite outgrowth is not simply influenced by the last layer of the 
PE films but may also be related to the bilayer number and other surface properties.

Moreover, in vitro cultures of neural progenitor cells on PEM films built up 
by heparin and PLL were also studied to improve cell adhesion and subsequent 
cellular functions [79]. In this study, neuronal spreading ( βIII-Tubulin positive) 
was observed on both PLL positive controls and PLL-terminating PEM films 
(Fig. 11.10a–c). Neurites radially elongating and perpendicular side branching at 
the periphery of outgrowths were observed. For heparin terminating layers, while 

Fig. 11.9   The neurite length 
of neurons was compared 
with (HA/COL)n films with 
different terminated out-
layers using Student’s t test 
in the group of close bilayer 
numbers. Error bars show 
standard deviation of the 
mean. *p  < 0.01. (Reprinted 
with permission from [75]. 
Copyright (2006) Wiley 
Periodicals, Inc.)
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some cell colonies were seen to adhere, neurite elongations were relatively short and 
sparse (Fig. 11.10d. Based on the quantified neurite coverage shown in Fig. 11.10e, 
cell–substrate interactions were significantly improved on the PLL-terminating sur-
faces. In addition, brain-derived neurotrophic factor (BDNF) was adsorbed onto the 
PEM film surfaces. This combined chemical and biological effect was then char-
acterized in terms of neurite length along with the full length/truncated isoform 
1 tyrosine kinase receptor (TrkB-FL/TrkB-T1) and growth associated protein-43 
mRNA levels. Here, the authors reported the differential effect of the adsorbed and 
soluble BDNF in different concentrations. The adsorbed BDNF promoted the neu-
rite outgrowth and led to elevated, sustained TrkB mRNA levels.

11.4 � Creation of Biological Specific Surfaces

Microfluidic systems were developed for various automated and miniaturized di-
agnostic applications [1]. In miniaturized environment, high surface-to-volume 
ratio can improve the sensitivity of biosensing when comparing to standard well 
format, but also magnify the effect of nonspecific binding of biomolecules. This 
is especially important in immunoassays that key reagents such as proteins and 
enzyme labels can absorb to hydrophobic surfaces, seriously degrading the assay 
performance. Immunoassay is to measure the presence and the concentration of 
antibody or antigen in biological liquid. The detection method is generally based 
on protein binding reaction, which is a specific interaction between an antibody 
and its antigen. One of the challenges is to immobilize antibodies on the sensing 

Fig. 11.10   a Cells cultured for 5 days on the PLL positive control, b P4, c P5, and d H6 PEM 
film surfaces. The cells were stained by βIII-Tubulin ( red) for neurons and DAPI ( blue) for nuclei. 
Scale bar indicates 100 µm in a-d. e Day 5 neurite coverage (from cell clusters) on the PLL posi-
tive control and the PEM films from P4 to H8. Error bars show standard deviation of the mean. 
(Reprinted with permission from [79]. Copyright (2011) American Vacuum Society.)
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surface homogeneously and effectively to achieve accurate and sensitive detection. 
Creating an antibody-immobilized sensing surface to specifically capture a spe-
cific antigen is important for the development of the microfluidic biological sensing 
systems. Hence the concentration of the target antigen in the biological liquid can 
be measured correctly. Strategies that have been used to attach antibodies on the 
sensing surface include direct adsorption and covalent attachment to reactive func-
tional groups on the substrate. Direct adsorption is commonly used on hydrophobic 
polymer surfaces but this technique may not be the most sensitive because of the 
conformational uncertainty. Therefore, covalent attachment is more preferable to 
have stable protein immobilization on the sensing surface.

11.4.1 � Immobilization of Biomolecules

Surface modification by SAM on solid surfaces was employed to covalently immo-
bilize protein on a surface. The functional end group of SAM can yield a number of 
active groups like –OH, -NH2, -COOH, and –COOR to attach proteins. Generally, 
proteins supply the following chemical functionalities on the side chains of their 
polypeptide backbone: -SH (cystenine), -NH2 (lysine, arginine), -COOH (aspara-
gine, glutamine), -OH (serine), Ph-OH (Ph = phenyl, tyrosine), and imidazole (histi-
dine). In principle, all of them can be used during the direct chemical coupling reac-
tion on specially prepared SAM surfaces. Several strategies on modifying silicon 
or glass surfaces were developed and are shown in Fig. 11.11: (1) glutaraldehyde 
(GA)-activated 3-aminopropyltriethoxysilane (APTES) (APTES-GA surface), (2) 
GA-activated physically adsorbed poly(ethyleneimine) (BPEI) (BPEI-GA surface), 
(3) GA-activated BPEI covalently attached to 3-glycidoxypropyltrimethoxysilane 
(GOPS)-silanized surface (GOPS-BPEI-GA surface), (4) GA-activated physically 
adsorbed poly(ethyleneimine) (LPEI) (LPEI-GA surface), and (5) adsorption of an-
tibodies on a physically adsorbed LPEI layer (LPEI surface) [83]. The detailed pro-
cedures of antibody immobilization based on different strategies are included below.

11.4.1.1 � Immobilization of Antibodies onto APTES-GA Surface

Cleaned silicon or glass substrates are washed with sodium-dried toluene and then 
immersed in a solution of 10 % APTES in dried toluene. Then the reaction mix-
ture is refluxed overnight at room temperature. After removal of the solution, the 
substrates are rinsed several times with toluene and acetone and dried in an oven 
at 110 °C for 1 h. The amine groups of the APTES-silanized substrates are reacted 
with 2.5 % v/v GA in buffer for 1 h at room temperature, followed by thorough rins-
ing with Milli-Q water in order to remove traces of GA to avoid cross-linking after 
adding antibodies. Antibody (1 mg/mL) in buffer is then added to the GA-activated 
surfaces to react overnight at 4 °C under gentle shaking. After 12 h, the residual 
aldehyde groups remained after antibody attachment are blocked with 10 mg/mL of 
L-lysine. The Schiff bases are reduced with 20 mg/mL NaBH3CN solution in buf-
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fer, and the reaction mixture is allowed to proceed for 1–2 h under stirring at room 
temperature. The substrates are then carefully washed and stored in 0.1 M Tris/HCl 
buffer at 4 °C until use.

11.4.1.2 � Immobilization of Antibodies on BPEI-GA Surface

Cleaned substrates are immersed in 0.5 % v/v solution of BPEI in buffer and kept 
under stirring at room temperature overnight and then thoroughly washed with buf-

Fig. 11.11   a Structures of the modified surfaces for protein immobilization. b Chemical structures 
of LPEI and BPFI. (Reprinted with permission from [83]. Copyright (2002) American Chemistry 
Society.)
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fer. To incorporate active aldehyde groups, the substrates are reacted with 2.5 % v/v 
GA in buffer for 2 h at room temperature under stirring. After careful washing with 
Milli-Q water and buffer, the aldehyde-functionalized surfaces are reacted with an-
tibody solution overnight at 4 °C. Then the residual aldehyde groups on the surfaces 
are blocked and the Schiff bases reduced as described in Sect. 4.1.1.

11.4.1.3 � Immobilization of Antibodies on GOPS-BPEI-GA Surface

The cleaned substrates are reacted with GOPS in dry toluene, containing 2 % v/v 
GOPS and 0.2 % triethylamine at room temperature. After 1 h, the GOPS-coated 
surfaces are rinsed with toluene, then with acetone, and then dried in an oven at 
110 °C for 1 h. A solution of 0.5 % v/v BPEI in succinate buffer is added, and the 
reaction mixture is gently shaken for 5 h at room temperature. After careful wash-
ing with Milli-Q water, the surfaces are treated with 2.5 % v/v GA in buffer. After 
2 h, the surfaces are rinsed and then immersed in antibody solution. The reaction 
is allowed to proceed overnight at 4 °C, after which the surfaces are blocked and 
reduced as described in Sect. 4.1.1.

11.4.1.4 � Immobilization of Antibodies on LPEI-GA Surface

The cleaned substrates are immersed in 0.5 % v/v solution of LPEI in buffer and 
kept under stirring at room temperature overnight and then thoroughly washed with 
buffer. The GA activation and antibody attachment steps are carried out as described 
in Sect. 4.1.1.

11.4.1.5 � Adsorption of Antibodies on LPEI Surface

The cleaned substrates are immersed in 0.5 % v/v solution of LPEI in buffer and 
kept under stirring at room temperature overnight. The surfaces are then carefully 
washed with Milli-Q water, immersed in solution of antibodies in buffer, and al-
lowed to proceed overnight at 4 °C.

11.4.2 � Application Examples—Biosensing

A miniaturized mosaic immunoassay was proposed based on patterning lines of an-
tigens onto a surface by means of a microfluidic network [84]. Illustration of the 
strategy is shown in Fig. 11.12. The microfluidic network immobilized a series of 
antigens as narrow stripes on a planar substrate. After a blocking step, the antigens in 
each line could be recognized by specific analytes from a sample solution also guided 
over the substrate with a second microfluidic network. The resulting binding pattern 
could then be readily evaluated when analytes were tagged or developed by binding 
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Fig. 11.12   Strategy for performing a micromosaic immunoassay on a surface with microfluidic 
network cross-delivery of a series of antigens and one of antibodies. a A microfluidic network 
patterns different antigen molecules along single lines on a substrates. b The area of the substrate 
left unpatterned during (a), it is blocked to prevent nonspecific binding of proteins in subsequent 
steps. c Antibodies flowing through the channels of a second microfluidic network locally bind to 
the patterned antigens. d Reading the binding mosaic reveals the amount of antibodies present in 
the samples. e A mosaic can be read using a fluorescence microscope. (Reprinted with permission 
from [84]. Copyright (2001) American Chemistry Society.)
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a fluorescent- or enzyme-conjugated antibody to the analyte. A mosaic of binding 
events can readily be measured in one screening using fluorescence. Similarly, large-
scale protein microarray was also reported, and surface modification of the biological 
specific surfaces is one of the key challenges for such development [85].

The abovementioned example was to immobilize antibodies on the planar sub-
strate, and the antigen–antibody interaction was indicated by fluorescent signal. 
The technique of protein immobilization is also important for specific and sensitive 
electrical immunoassay measurement. Electrical detection of protein concentration 
was developed based on the resistance measurement across a pair of indium tin ox-
ide-interdigitated electrodes [44]. Antibody was first immobilized on the electrode 
surface and gold nanoparticles were then applied to indicate the concentration of the 
immobilized antibodies. Similar development was reported for methamphetamine 
(MET) detection [86]. Competitive immunoassay method was used in this study 
and illustrated in Fig. 11.13. The electrode on SAM modified glass slide was immo-
bilized with bovine serum albumin (BSA)-MET conjugates. After sample solution 
of MET in urine was mixed with anti-MET antibody-colloidal gold conjugates for 
1 min, the mixed solution was applied to the electrode surface, and the residual anti-
MET antibody-colloidal gold conjugates were bound with BSA-MET conjugates. 
Consequently, the impedance across the electrode was measured and represented 
the concentration of the MET.

Fig. 11.13   Principle of the competitive immunoassay method for impedance detection of MET 
concentration. (Reprinted with permission from [86]. Copyright (2012) Springer.)
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11.5 � Concluding Remarks

Functional patterned surfaces provide a simple approach for selective biorecogni-
tion. This chapter reviewed the most commonly used surface modification tech-
nologies and their applications of fluid manipulation, suppression of biomolecule 
adsorption, control of cellular behavior, and biosensing in microfluidic systems. 
We anticipate that as these manufacturing and surface chemical techniques mature, 
microfluidic devices will be more widely used for many biomedical screening and 
diagnostics in the near future.
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