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 The microarray method has been a widely applied technology. There are considerable 
amounts of technical and scientifi c literature published recently. The aim of this book is to 
provide updates of this established technology in topics such as methods and applications, 
as well as advances in applications of the microarray method to assay substances such as 
proteins, glycans, and whole cells. The 19 chapters, which are written by recognized experts 
in each topic, include reviews, detailed protocols and outlook of the nucleic acid microar-
rays and the cell/tissue microarrays.  
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   Introduction        
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    Chapter 1   

 Overview of Microarray Technology       

     Paul     C.  H.     Li      

  Abstract 

   Microarray technology, with its high-throughput advantage, has been applied to analyze various biomaterials, 
such as nucleic acids, proteins, glycans, peptides, and cells.  

  Key words      Microarray    ,   Nucleic acids  ,   Proteins  ,   Glycans  ,    Peptides    ,   Cells  

   In view of next-generation sequencing, the microarray technology 
has faced strong competition in its applications for nucleic acid 
assays. Details on limitations of nucleic acid microarrays and on 
strategies to overcome the limitations are given in Chapter   12    . 
Nevertheless, the microarray has the high-throughput capability 
that remains to be an advantage. Other than nucleic acid assays [ 1 ], 
microarrays can be applied to analyze proteins, glycans, peptides, 
and cells, as well as to screen products that bind to these substances 
arrayed on a solid substrate. Several review articles are in place to 
summarize such efforts in advancing protein microarrays [ 2 ], tis-
sue microarrays [ 3 ], glycan microarrays [ 4 ], peptide microarrays 
[ 5 ], and small molecule microarrays [ 5 ]. 

 This book is divided into three sections, namely methods 
(Chapters   2    –  6    ), applications of nucleic acid microarrays (Chapters 
  7    –  12    ), and applications to other microarray assays (Chapters 
  13    –  19    ). Recent advances in nucleic acid microarrays have also 
resulted in several products for biomedical applications, namely 
MammaPrint (for breast cancer), AmpliChip (for drug metabo-
lism), and PailloCheck (for human papillomavirus). 

 In the method section, great progress has been made in probe 
immobilization and grafting chemistries, which are described in a 
review article in Chapter   2    . In particular, the “click” chemistry, which 
is used to anchor nucleic acid probes on azide-functionalized glass 
chip surface, has been detailed in the fi rst protocol in Chapter   3    . 
The design of oligonucleotide probe sequences has become more 
systematic now than ever, thanks to the algorithms developed to 

http://dx.doi.org/10.1007/978-1-4939-3136-1_12
http://dx.doi.org/10.1007/978-1-4939-3136-1_2
http://dx.doi.org/10.1007/978-1-4939-3136-1_6
http://dx.doi.org/10.1007/978-1-4939-3136-1_7
http://dx.doi.org/10.1007/978-1-4939-3136-1_12
http://dx.doi.org/10.1007/978-1-4939-3136-1_13
http://dx.doi.org/10.1007/978-1-4939-3136-1_19
http://dx.doi.org/10.1007/978-1-4939-3136-1_2
http://dx.doi.org/10.1007/978-1-4939-3136-1_3
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 generate probes that are either gene-specifi c or sequence-specifi c, see 
Chapter   6     on probe design strategies. Chapter   4     describes the proto-
cols of creating microarrays on surfaces of plastic especially 
 polycarbonate. In terms of detection methods, Chapter   5     describes 
the detailed protocol of using ligase-assisted sandwich hybridization 
(LASH) to detect extracellular microRNAs. 

 In the section for nucleic acid applications, Chapter   7     describes 
the protocol for analysis of gene expression microarray data 
obtained from human whole blood cell samples. Chapter   8     uses 
the microarrays to detect plasma microRNA biomarkers pertaining 
to digestive tract cancers. Genomic copy number variations are 
detectable using the DNA microarray assays conducted on prenatal 
and postnatal samples, as illustrated in the protocols in Chapter   9    . 
High-throughput DNA microarrays for KRAS mutation detection 
have been achieved using a centrifugal microfl uidic device, as 
described in detail in Chapter   10    . Analysis of single nucleotide 
polymorphisms ( SNP  ) has been applied for pharmacogenomic 
studies, as depicted in the protocols in Chapter   11    . A review article 
on DNA microarray-based diagnostics concludes this section on 
nucleic acid microarrays, see Chapter   12    . 

 Microarrays can also be applied to detect biomaterials other 
than DNAs and RNAs. This section starts to include the fi rst pro-
tocol (Chapter   13    ) to screen protein tyrosine phosphatases on the 
phosphopeptide array. Chapter   14     describes the nanotechnology 
employed to construct protein microarrays. The peptide microar-
ray has been used for epitope mapping of autoantibodies, as 
detailed in Chapter   15    . This is followed by Chapter   16     which 
describes the preparation of glycan microarrays used to detect the 
binding with lectins. Chapter   17     depicts the protocol for immuno-
assays based on an antigen microarray. Construction of the peptide 
microarray on paper has been described in the detailed protocol in 
Chapter   18    , intended for ligand binding assays. This section is con-
cluded with a review chapter on live-cell microarrays aiming for 
high-throughput biological assays.    
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    Chapter 2   

 Surface Functionalization for Immobilization 
of Probes on Microarrays       

     C.     Desmet      and     C.  A.     Marquette      

  Abstract 

   The microarray technology has been a tremendous advance in molecular-based testing methods for bio-
chemical and biomedical applications. As a result, the immobilization techniques and grafting chemistries 
of biochemical molecules have experienced great progress. The particularities of the grafting techniques 
adapted to the microarray development will be presented here.  

  Key words      Biomolecules    ,    Grafting    ,    Immobilization    ,    Microarray    ,   Surface chemistry  

1      Introduction 

 To manufacture biochips, the selection of suitable probes and their 
immobilization on a solid support are required. The immobiliza-
tion will differ according to the selected probes (i.e., oligonucle-
otides, protein, cells, or small molecules) and the types of detection 
systems (i.e., optical, or electrochemical). This chapter presents an 
overview of the different approaches and techniques for each com-
bination of probe/detection/solid support. 

 Different deposition techniques are currently available to cre-
ate matrices of probes. All chip manufacturing techniques, largely 
robotized, target the same goal: (a) to deposit small amounts of 
probe molecules uniformly on the chip surface, (b) to minimize 
the consumption of costly probe solutions, and (c) to avoid any 
risk of contamination between the probes. Two deposition modes, 
which are “contact” and “non-contact” [ 1 ], are described in the 
following paragraphs.  
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2     Contact Printing   

 Contact methods are used to produce matrices through direct con-
tact between the deposition tool and the substrate of the chip. 
These technologies are based on the use of tips (solid or hollow) or 
micro-stamps for depositing probe solutions in a row. 

   The sampling is performed by fi rst dipping a printing tip or a set of 
tips in the probe solutions. When solid tips are used, it is necessary 
to reload them for each new deposition. On the other hand, hol-
low tips are used to perform multiple depositions with the same 
probe solutions which are loaded into the tips by capillary action, 
and then deposition of the probes is achieved by contacting the 
tips on the support. This operation can be repeated several times 
until the solutions are depleted. Then, the tips are cleaned and new 
probe solutions are loaded. The diameter of the spots obtained 
using this contact printing method is directly related to the 
 properties of the surface, the probe solution viscosity, and the 
geometry of the tips. The main advantage of this technique is its 
simplicity. The main drawbacks are contamination and tip or chip 
surface damage. 

   In this method, a probe sample is fi rst adsorbed on the surface of a 
micro-stamp and then transferred to the chip surface by physical 
contact. Elastomer materials, such as PDMS (polydimethylsilox-
ane), enable a good contact with the chip surface and are generally 
used for the micro-stamps. The fabrication of PDMS stamps is 
simple and low cost, is based on the principle of soft lithography 
developed by Whiteside et al. [ 2 ], and has been widely used for 
different applications. This stamping method has been applied for 
the contact printing of proteins on glass and PDMS substrates [ 3 ]. 
Thanks to the use of micro-stamps, the deposition of hundreds of 
spots in parallel on the microarrays can be achieved for high- 
throughput applications.  

   The dip-pen nanolithography, described in 1999 by Piner et al., is 
another probe deposition method [ 4 ]. The atomic force micro-
scope (AFM) tip is used, and the tip which contains the probe 
solution to deposit, is employed to draw nanopatterns on a sup-
port. In the study by Piner et al., thiolated probes were deposited 
and immobilized on a gold substrate in a matrix of 25 spots of 0.46 
μm diameter and 0.54 μm apart. This method achieves a higher 
deposition resolution than the one obtained with photolitho-
graphical methods and a similar solution to more expensive tech-
niques such as electron-beam lithography [ 5 ].   

2.1  Printing 
with Tips

2.1.1  Printing 
with Micro-stamps

2.1.2  Printing 
with Nano-tip

C. Desmet and C.A. Marquette
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     Electrospray is a non-contact deposition technique. As soon as a 
strong electric fi eld is applied to the probe solution located at the 
printing tip, micro-droplets are formed and the solution dries 
instantly. The electrospray method is believed to help preserve the 
structure of most proteins since the printed proteins are lyophilized 
on the surface. Avseenko et al. have used this technique to deposit a 
matrix of antigens onto an aluminum support using different surface 
modifi cations for the detection of antibodies by immunoassay [ 6 ].  

   This method can be applied for the deposition of sub-nanoliter size 
drops (typically 100–300 picoliters) on the surface of the chip 
without any contact with the printing tip. The ejection of the 
droplet is based on inkjet printing, in which the solution is heated 
to a temperature of around 200 °C, allowing the evaporation of a 
small volume of “ink” of the probes, which leads to the ejection of 
a drop from the tip. This technique is fl exible and highly reproduc-
ible, and the printed spots have good uniformity. Contamination is 
prevented by the absence of contact between the tip and the chip 
surface, and tip damage on the chip surfaces which are not neces-
sarily perfectly fl at is also avoided.  

   This method is similar to thermic printing except that the ejection 
of the drop is achieved by the vibration of a piezoelectric mem-
brane at the printing tip. This second method, which is usually 
preferred over the thermic method, avoids overheating of the 
probe solution.   

   Because of the large specifi c accessible surface on microbeads, they 
allow a high density of probes immobilized and provide a high 
sensitivity of the tests. The microspheres, after functionalization 
with the probe molecules, may be detected by different approaches. 

   The microbeads used in suspension are optically encoded micro-
spheres, which carry specifi c receptors to bind with probes that can 
capture targets in a liquid sample (Fig.  1 ). The distinct optical 
properties of the targets and the microspheres allow their multiplex 
identifi cation by fl ow cytometry [ 7 ]. Technologies such as  x - MAP  
from LUMINEX are operated on this principle. The nanobarcode 
particles [ 8 ] also exploit the principle of optical encoding, and the 
multiplex analysis is performed through microscopic observation. 
The microbead technology has the advantage of generating thou-
sands of unique probes to react with targets in the same sample.

      Another approach of the use of microspheres is to immobilize 
them on a structured matrix. Marquette et al. proposed the cou-
pling of various types of probes (e.g., proteins or oligonucleotides) 
with sepharose or latex microbeads immobilized in a structured 
matrix of PDMS [ 9 ]. Walt et al. described a method that the 

2.2  Non-contact 
Printing

2.2.1  Electrospray

2.2.2  Thermic Printing

2.2.3  Piezoelectric 
Printing

2.3   Microbead Array  

2.3.1  Microbeads 
in Suspension

2.3.2  Microbeads 
Immobilized on Structured 
Surface

Surface Functionalization for Immobilization of Probes on Microarrays
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microspheres  functionalized with DNA strands are immobilized at 
the end surface of the optical fi ber bundles. This method allowed 
multiplex target detection by fl uorescence measurement [ 10 ,  11 ]. 
The company ILLUMINA commercializes DNA biochips based 
on this model called the  BeadArray . These matrices are composed 
of silicon beads of 3 μm in diameter, self-assembled in microwells 
pre- etched on the surface of optical fi bers or silica slides (Fig.  2 ).

      Magnetic microspheres are also widely used, enabling the genera-
tion of arrays of probes assembled through magnetic control. Yu 
et al. developed this kind of assay with a magnetic fi eld gradient to 
assemble magnetic microspheres on a nickel substrate for detection 
of cancer markers on a microfl uidic chip [ 12 ]. This approach can 
reach a high detection sensitivity and specifi city because any non-
specifi cally adsorbed contaminants can be eliminated, through the 
continuous liquid fl ow in the microfl uidic chip, while the probes 
strongly bound by the magnetic fi eld.    

3     Immobilization   of Probes 

  Probe   immobilization on the chip is a critical step on which the 
quality of the test will depend, since it lies on the successful interac-
tions between a target and its probe immobilized on the  microarray. 

2.3.3  Microbeads 
Immobilized Through 
Magnetic Control

  Fig. 1    Principle of the LUMINEX-type assay using optically encoded microspheres in suspension. ( a ) micro-
spheres encoded by a mixture of red and infra-red dyes, ( b ) different types of binding assays on the beads, ( c ) 
detection of the microspheres and the binding events using 2-color fl ow cytometry for immunoassay of IL-6. 
 MFI  median fl uorescence intensity,  IU  international unit (reproduced from   http://www.ebioscience.com/    )       

 

C. Desmet and C.A. Marquette
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For this purpose, different conditions have to be taken in account: 
(a) the probes have to be accessible to the targets and (b) the struc-
ture and function of the probes have to be preserved.  Immobilization   
strategies specifi c to the solid support or to the immobilized probe 
will be described. 

    Probe   immobilization by adsorption involves electrostatic, polar, 
and hydrophobic interactions, as well as Van der Waals interactions 
and hydrogen bonds, between the probe molecule and the sub-
strate surface. The types of interactions actually involved depend 
on the surface chosen.  Immobilization   by adsorption is simple, 
fast, generally nondenaturing (except in the case of hydrophobic 
interaction), and it allows for noncovalent attachment of proteins 
and other small-molecule probes to the substrate. This immobili-
zation strategy generates a heterogeneous layer of non-oriented 
probes because many contacts at different orientations can be 
made by the probe molecules with the substrate. 

 Random physisorption of probe molecules on the hydropho-
bic polystyrene surface of microplates is by far the most widely 
used method for immobilization of proteins, as typically imple-
mented in ELISA.  Adsorption   strategies are also conventionally 
used with 3-dimensional substrate. For example, a polypropylene 
membrane modifi ed with polyaniline, which permits protein adhe-
sion due to electrostatic and hydrophobic interactions, has demon-
strated high affi nity for, and compatibility with, different proteins 
[ 13 ]. Nitrocellulose membranes are also widely used. The adsorp-
tion of proteins on this membrane surface is well known because of 
its use in Western blot and diagnostic devices. The interactions 
involved in nitrocellulose membrane are predominantly hydropho-
bic but also electrostatic [ 14 ]. 

3.1   Adsorption  

  Fig. 2    Principle of the ILLUMINA-type assay using optically encoded microspheres self-assembled on a solid 
surface matrix. ( a ) false-color electron microscopic image, ( b ) fl uorescent image of the chip showing the easy 
tracking of the different beads on the surface (reproduced from Illumina ® )       

 

Surface Functionalization for Immobilization of Probes on Microarrays



12

 The main disadvantage of the adsorption strategy is the risk of 
desorption due to changes of pH, temperature, and ionic strength, 
and this risk limits the storage and stability of microarrays. In addi-
tion, the risk of nonspecifi c adsorption can be high and it is neces-
sary to treat the chip surface with blocking agents (usually a 
solution saturated with inactive proteins and nondenaturing sur-
factants) in order to obtain the best signal-to-background ratio.  

   The inclusion method consists of trapping the probe molecules in 
an insoluble gel such as polyacrylamide or agarose. This method 
preserves the conformation and activity of the protein probes. The 
probe is mechanically retained in the polymer matrix. The matrix 
should have an optimal mesh size that provides the retention of the 
probes, while allows the diffusion of the targets and reagents. 
However, low molecular weight proteins, and more generally small 
probe molecules, cannot be retained by loose meshes. A recent 
development of this method is the functionalization of the 
3-dimensional matrices by chemical groups that can attach protein 
probes by creating covalent bonds [ 15 ].  Inclusion   can also be a 
co-reticulation process of the probe in a matrix consisting of other 
molecules such as bovine serum albumin (BSA) or polyethylene 
glycol [ 16 ].  

   In this method, a conductive polymer is formed electrochemically. 
The probe molecules are immobilized either by their mechanical 
trapping during the formation of the polymer or by co- 
polymerization of a monomer mixed with the probes. Shi et al. 
applied this method to prepare an array of antibodies immobilized 
within polypyrrole. They were able to achieve a sensitive and spe-
cifi c detection of different antigens in serum samples [ 17 ]. Arrays of 
screen-printed electrodes can also be used as active support for elec-
tropolymerization, as described for the immobilization of a capsid 
protein of HIV-1 virus [ 18 ]. This protein was pre- immobilized on 
a fi rst polymer, then co-electropolymerized in polypyrrole in a local-
ized way on the surface of microelectrodes. This protocol allowed 
for the detection of specifi c HIV antibodies in the sera of patients 
to determine whether they are HIV positive or HIV negative.  

   This probe immobilization technique involves specifi c affi nity 
interactions that occur between the molecules previously fi xed to a 
support and the probe molecules to be immobilized. This tech-
nique provides an oriented immobilization of the probe molecules. 
The most widely used methods of affi nity immobilization will be 
described in this section. 

   This biotin/avidin interaction is widely used for affi nity immobili-
zation since the affi nity of the couple is very high ( K  D  = 10 −15  M). 
 Avidin   is a soluble glycoprotein, stable in aqueous solutions over a 

3.2   Inclusion  

3.3  Electro-
polymerization

3.4  Affi nity 
 Immobilization  

3.4.1   Avidin  /Biotin 
Interaction

C. Desmet and C.A. Marquette
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wide range of pH values and temperatures, and streptavidin is a 
tetrameric protein very similar to avidin. The conjugation of a bio-
tin molecule to a protein (biotinylation) allows for its immobiliza-
tion on a support that has been functionalized with streptavidin or 
avidin (Fig.  3 ).

   The carbodiimide chemistry in the presence of 
 N -hydroxysuccinimide (NHS) is the most widely used method to 
conjugate the carboxyl group of the side chain of biotin to an 
amine group of the protein. Moreover, a hydrazide group can also 
be generated on biotin for it to bind to the carboxyl group of a 
protein. Since biotin, or vitamin H, is a small molecule (molecular 
weight: 244 g/mol), its coupling with macromolecules affects nei-
ther their conformation nor their function [ 19 ]. 

 This biotin–avidin interaction may also be used for immobili-
zation of larger particles, such as polystyrene microspheres of 1 μm 
in diameter, as has been described by Andersson in 2002. The 
beads, as the immobilization support for probe molecules, which 
are labeled with streptavidin, are immobilized on a surface func-
tionalized with biotin [ 20 ].  

   An alternative to immobilize a protein is to prepare a fusion pro-
tein that contains a polyhistidine tag (Fig.  4 ). This tag, with hexa-
histidine (6-His) being the most popular, is placed at a defi ned 
position on the protein, preferably away from the active site of 
recognition, so as to avoid any disruption of the affi nity interaction 
with a ligand. The 6-His tag has several advantages such as (a) 
small size, (b) compatibility with organic solvents, (c) low immu-
nogenicity, and (d) effectiveness of purifi cation processes in native 
or denaturing conditions. Proteins having a 6-His tag at their N- 
or C-terminus can thus be immobilized through the formation of 
complexes with nickel ions, using surfaces functionalized by nitri-
lotriacetic acid (NTA) loaded with divalent metal ions, generally 
Ni 2+ . The chelation between Ni-NTA and 6-His tag occurs through 
the involvement of the Ni 2+  ion in an octahedral coordination, with 

3.4.2  Polyhistidine Tag

  Fig. 3    Example of the use of avidin for the immobilization of probe on surface.  ITO  indium tin oxide,  ABA  
2- aminobenzoic acid,  PABA  poly(2-aminobenzoic acid),  EDAC  1-ethyl-3-(3-dimethylaminopropyl)carbodi-
imide,  NHS N -hydroxysuccinimide. Reproduced from Ref.  21  with permission of Wiley       
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two imidazole groups of the 6-His tag and three carboxylate group 
and one amine group of NTA, as illustrated in Fig.  6 . The manu-
facturing of microarrays with functionalized NTA can be carried 
out by different strategies, most often by covalent grafting. The 
advantage of this polyhistidine method is its high specifi city, and 
also its reversibility. Indeed, the release of 6-His tags may be 
achieved by the addition of a competitive ligand such as imidazole, 
or a complexing agent such as EDTA. This reversibility property is 
an important advantage, since the microarray chips can be reused 
and modifi ed again. Moreover, being widely used, 6-His tag is 
commercially available for functionalization of proteins. However, 
this method has some drawbacks, such as nonspecifi c metal- 
dependent surface adsorption of proteins and dissociation of pro-
teins due to a relatively low affi nity of the 6-His tag to the Ni-NTA 
complex ( K  D  = 10 −6  M).

       Hybridization   of complementary oligonucleotides provides an 
immobilization solution for different types of proteins, thanks to 
the very high stability of oligonucleotides and the unique selectiv-
ity of base-pairing. The production of microarrays using this type 
of interaction is based on the established technology of DNA chips, 
in which oligonucleotide probes are arrayed on the solid support. 
The protein probe molecules are conjugated with the oligonucle-
otides complementary to those present on the surface, and incu-
bated on the support for protein immobilization. This approach 
has recently been developed and the complications associated with 
the grafting of an oligonucleotide on the proteins have been raised. 
To resolve these complications, different strategies have been 
developed, such as the use of semi-synthetic conjugates of oligo-
nucleotides and proteins [ 23 ].  

3.4.3  Protein–
Oligonucleotide Conjugate

  Fig. 4     Immobilization   of the 6-His tagged protein on the Ni-NTA-functionalized silicon surface. ( a ) two 6-His 
tagged proteins grafted on the Ni-NTA surface, ( b ) fl uorescent image of the FITC-labeled aprotinin grafted on 
a microarray surface (reproduced from Ref.  22  with permission from Springer)       
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   The immobilization of antibodies can be performed using the spe-
cifi c interaction between the Fc region of immunoglobulin G 
(IgG) and Protein A (or Protein G). Such immobilization ensures 
the full accessibility of the antibody recognition site, being located 
on the Fab region, for interaction with the antigens to be detected. 
An underlying diffi culty is the need to orient Protein A in order to 
allow for its optimal interaction with IgG. To resolve this diffi culty, 
different approaches have been presented, such as the use of 
Protein A synthesized with a 6-histidine tag at its C-terminus by 
Johnson et al., to allow for oriented immobilization of Protein A 
on a surface functionalized by Ni-NTA [ 24 ]. Various examples of 
using the Protein A affi nity interaction for immobilization of 
immunoglobulins of different subtypes and origins are given in 
Table  1 . It is also worth noting that the technique is not to be 
limited to any antibody.

4          Covalent Immobilization   

 This immobilization strategy is based on the formation of covalent 
bonds, which provide a highly stable binding of the probe mole-
cules to the support. This method generally requires the function-
alization of the solid support, generating reactive functional groups 
on the surface, enabling the formation of covalent bonds between 
the functional groups and the probes. The protein probe may be 
immobilized through a reactive group of the amino acids side 
chain. The reactive groups available depend on the types of amino 
acids present on the surface of the protein, and the covalent bond 
formation requires different functionalization of the substrate, as 
summarized in Table  2 . Different covalent immobilization 
approaches will be described here.

       The most commonly used immobilization reaction involves the 
amine group of the lysine side chain, which represents about 10 % 
of the amino acid residues of a protein. Conventionally, this reac-
tion uses substrates that contain carboxylic acid groups activated 
using carbodiimide in the presence of  N -hydroxysuccinimide, and 
generates stable amide bonds. The extent of immobilization 
depends on pH, protein concentration, ionic strength, and reac-
tion time, and these conditions should be optimized for each pro-
tein coupling reaction. However, the resulted immobilized proteins 
are non-oriented and heterogeneous.  Immobilization   via carbodi-
imide reaction on self-assembled monolayers (SAM) was also 
described. For instance, Patel et al. generated SAM of 
3- mercaptopropionic acid and 11-mercaptoundecanoic acid on 
gold surfaces for the immobilization of an enzyme [ 26 ]. 

3.4.4  Protein A and G

4.1  Classical 
Covalent Bonding

4.1.1  Amine Chemistry

Surface Functionalization for Immobilization of Probes on Microarrays
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 Another strategy for the production of protein chips, reported 
for the fi rst time by MacBeath and Schreiber and currently widely 
used, consists of the use of glass slides functionalized with aldehyde 
groups [ 27 ]. The aldehyde group reacts with the amine group of 
proteins via the formation of a Schiff base (imine).  

   Table 1 
  Relative affi nity of protein A for antibodies with various immunoglobulin 
subtypes in different species   

 Protein A 

 Human IgG1  ++++ 

 Human IgG2  ++++ 

 Human IgG3  − 

 Human IgG4  ++++ 

 Human IgGA  ++ 

 Human IgGD  ++ 

 Human IgGE  ++ 

 Human IgGM  ++ 

 Mouse IgG1  + 

 Mouse IgG2a  ++++ 

 Mouse IgG2b  +++ 

 Mouse IgG3  ++ 

 Mouse IgGM  +/− 

 Rat IgG1  − 

 Rat IgG2a  − 

 Rat IgG2b  − 

 Rat IgG2c  + 

 Rat IgGM  +/− 

 Rabbit Ig  ++++ 

 Hamster Ig  + 

 Guinea Pig Ig  ++++ 

 Bovine Ig  ++ 

 Sheep Ig  +/− 

 Goat Ig  +/− 

 Pig Ig  +++ 

 Chicken Ig  − 

  (−) represents quasi-nul affi nity while (++++) represent ultra-high affi nity  

C. Desmet and C.A. Marquette
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   An alternative to the amine group for protein immobilization is to 
use the carboxylic acid group provided by amino acids such as 
aspartic acid and glutamic acid, which are generally present on the 
surface of proteins. An effective coupling strategy relies on the for-
mation of amide bonds with an amine-functionalized surface, after 
activation of the carboxylic acid groups of proteins using 
 carbodiimide. Fernandez-lafuente et al., who used this method 
innovatively in 1993, prepared agarose gels containing primary 
amines, allowed for the adsorption of a protein in a low ionic 
strength medium, and then added carbodiimide to transform 
adsorption of the protein to its covalent immobilization [ 28 ].  

4.1.2  Carboxylic Acid 
Chemistry

   Table 2 
  Functional groups of the proteins involved in the formation of covalent bond and the associated 
surface reactive groups   

 Surface functional groups 
 Protein functional 
groups  Covalent bond formed 

 NHS ester 

  

O

O O

O

N

    

 Amine (H 2 NR) 

  

O

N–R
H

    

 Amide 

 Aldehyde 

  

O

H

    

 Amine (H 2 NR) 

  

H

N
R

    

 Imine 

 Isothiocyanate 

  

N=C=S

    

 Amine (H 2 NR) 

  

N
H

N
H

R

S

    

 Thiourea 

 Epoxide 

  

O

    

 Amine (H 2 NR) 

  

OH H
N–R

    

 Amino-alcohol 

 Amine 

  

NH2

    

 Carboxylic acid 
HO(O)CCH 2 R 

  

N
H

R

O

    

 Amide 

  Reproduced from Ref.  25  with permission from Wiley  
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   The cysteine residue in a protein contains the thiol group that is 
capable of forming internal disulfi de bonds in the protein. Since 
cysteines are present at low levels in proteins, immobilization via 
this amino acid residue is well defi ned regarding the anchoring site. 
This immobilization may be accomplished by the formation of 
athioether bond with a maleimide or by the formation of disulfi de 
bridges with supports functionalized by vinyl sulfone or disulfi de 
groups [ 19 ] (Fig.  5 ).

       Covalent coupling generated by photoactivation leads to the for-
mation of covalent bonds between the photoreactive groups on a 
substrate and the probe molecule. The photoreactive groups (see 
left column of 39) can be illuminated to provide localized activa-
tion of microarray spots on the support substrate, leading to an 
addressed grafting of the probes. The photoactivation reactions 
can be performed under mild conditions, without constraints of 
pH or temperature, and the reactions can be initiated by irradia-
tion at wavelengths around 350 nm, at which the majority of bio-
molecules are not affected [ 29 ]. 

 Heterobifunctional spacers comprising a photoactivable group 
and a chemically reactive group may also be used for substrate func-
tionalization, see right column of Table  3  [ 25 ]. While the former 
group is used for immobilization on the support upon irradiation, 
the latter group is required for coupling to the probe molecules, 
leading to the probe immobilization.

        Click chemistry, which is a specifi c type of cycloaddition, is based 
on the reaction between an azide group and an alkyne to form a 
heterocyclic 1, 2, 3-triazole ring via dipolar cycloaddition. This 
method has been used for the covalent grafting of enzymes, func-
tionalized with azide groups, on agarose beads bearing acetylene 
groups [ 30 ]. The irreversible formation of the triazole ring is 

4.1.3  Thiol Chemistry

4.2  Covalent 
Coupling Through 
Photoactivation

4.3   Cycloaddition 
Reaction   s  

4.3.1  Click Chemistry
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  Fig. 5    Protein immobilization by cysteine residues and the oligocysteine tag on a target protein (e.g., EGFP) 
(extracted from Ref.  25  with permission from Wiley)       
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 carried out at room temperature in the presence of copper, which 
can be a disadvantage for the immobilization of some proteins that 
are sensitive to copper inhibition. 

 Waldmann et al. have also used the sulfonamide click reaction 
between sulfonyl azides and terminal alkynes to immobilize biotin, 
carbohydrates, peptides, and proteins [ 31 ]. In this study, the Ras 
binding domain (RBD) of the cRaf1 protein, which was modifi ed 
with a terminal alkyne functional group, was immobilized on a 
surface modifi ed with a sulfonyl azide, and the RBD biological 
activity was conserved.  

   The Diels-Alder reaction is based on the formation of a cyclohex-
ene from an alkene group and a conjugated diene. The reaction 
can be performed in an aqueous medium at room temperature, 
and thus allows the covalent immobilization of protein probes. 
Houseman et al. used this method for the production of peptide 
chips dedicated to the evaluation of the activity of kinase proteins 
[ 32 ]. In this study, the peptides of interest that were coupled with 

4.3.2  Diels-Alder 
Cycloaddition

   Table 3 
  Overview of photoreactive groups and heterobifunctional linkers   

 Photoreactive groups  Heterobifunctional linkers 

 Arylazide 
  

N3    

  

FF

F F
HN

N3

O

O
O

O
O

N

    

 Diazirine 

  

N
N

CF3    
  

H
N

O

N

O

O
N N

CF3

    

 Benzophenone 

  

O

    

  (MeO)3Si SH    

 Azidophenylalanine 
  

N3
Protein

    

 Disulfi de 

  

Cys–S

Cys–S
Protein

    

 Nitrobenzyl a  

  

O

O

O2N

N
H

OMe

OMe    

  Reproduced from Ref.  25  with permission from Wiley 

  a Photocleavable protecting group  
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a cyclopentadiene were immobilized by Diels-Alder cycloaddition 
with benzoquinone-modifi ed alkanethiols self-assembled on gold 
surfaces.   

   Electrografting of probe molecules is realized on conductive sur-
faces (i.e., electrodes) on which electrochemical reactions of probe 
molecules occur. This method, which does not require a deposi-
tion robot, permits localized immobilization upon application of 
the potential on the electrode arrays. This technique can be applied 
for covalent grafting of a biomolecule (e.g., DNA, protein, poly-
saccharide) on the surface of an electrode due to the presence of an 
electro-active group on the biomolecules. By applying a localized 
potential between the electrode surface and a reference electrode, 
it is possible to direct the binding of a protein on a specifi c location 
of the chip. In 2005, Corgier and colleagues presented an innova-
tive approach to immobilize immunoglobulins using electrochemi-
cal immobilization [ 33 ]. This approach was achieved by the 
following steps: (1) conjugation of the proteins to an aniline deriv-
ative, 4-carboxymethylaniline ( CMA  ), (2) diazotization of the ani-
line group, and (3) electro-reduction of the diazonium ion of the 
conjugated protein individually addressable on the carbon elec-
trode surface,  see  Fig.  6 .

        This immobilization method is based on the ability of a labile 
thioester to be acylated. The reaction consists of an exchange 
between a thioester and the thiol of a cysteine, followed by a rear-
rangement generating an amide bond. This chemo-selective reac-
tion for surface immobilization of probes has fi rst been described 
by Falsey et al. for the formation of peptide and small-molecule 
arrays (Fig.  7 ). In this study, glass slides were functionalized with 
glyoxylated derivatives, which allow the formation of thiazolidine 

4.4  Electrografting

4.5   Ligation 
Reaction   s  

4.5.1  Native Chemical 
Ligation

  Fig. 6    Direct electro-addressing of modifi ed antibody (IgG) on the graphite electrode surface in an acidic aque-
ous medium.   CMA    4-carboxymethylaniline,  DDC N,N ′-dicyclohexylcarbodiimide,  SP  screen-printed (repro-
duced from Ref.  33 ) with permission from American Chemical Society)       

 

C. Desmet and C.A. Marquette



21

rings with the N-terminal cysteine residue of biotin or peptides. 
These microarrays have enabled the fl uorescent detection of cell 
adhesion proteins [ 34 ].

      This method, developed by Bertozzi [ 35 ] and Raines [ 36 ], allows 
the formation of an amide bond at the ligation site that involves a 
phosphinothioester and an azide derivative. A proposed reaction 
mechanism would involve an iminophosphorane as a chemical 
intermediate and an acyl transfer to form an aminophosphonium, 
followed by its hydrolysis. The Staudinger ligation reaction was 
used in 2003 by the Raines’ team [ 37 ] for the immobilization of 
protein on microarrays, and by Waldmann et al. [ 38 ] for the 
 formation of small-molecule arrays. In the latter study, small mol-
ecules functionalized with an azide group were immobilized on 
glass supports functionalized with phosphine groups.       

   References 

4.5.2  Staudinger Ligation

~~~ ~~~

~~~ ~~~

Linker

Linker N N
N

O

O
S

O

Glass

NH2

N N

O

O

SH

H

O

O

Glass

+
NH2

NH2

Ligand

Ligand

Chemoselective Ligation
Reaction

Linker =

Ligand = Peptide or Biotin

N
H

H
N

O
O

O

O

O
2

  Fig. 7    Covalent attachment of peptides or small molecules to a glass slide via a thiazolidine ring (extract from 
Ref.  34  with permission from American Chemical Society)       

    1.    Barbulovic-Nad I, Lucente M, Sun Y et al 
(2006) Bio-microarray fabrication techniques – 
a review. Crit Rev Biotechnol 26(4):237–259  

    2.    Xia Y, Whitesides GM (1998) Soft lithography. 
Angewandte Chemie 37(5):550–575  

    3.    Marquette CA, Corgier BP, Heyries KA et al 
(2008) Biochips: non-conventional strategies 
for biosensing elements immobilization. Front 
Biosci 13(1):382–400  

    4.    Piner RD, Zhu J, Xu F et al (1999) ‘Dip-pen’ 
nanolithography. Science 283(5402):661–663  

    5.    Ginger DS, Zhang H, Mirkin CA (2004) The 
evolution of Dip-Pen nanolithography. 
Angewandte Chemie 43(1):30–45  

    6.    Avseenko NV, Morozova TY, Ataullakhanov FI 
et al (2001) Immobilization of proteins in immu-
nochemical microarrays fabricated by electrospray 
deposition. Anal Chem 73(24):6047–6052  

 

Surface Functionalization for Immobilization of Probes on Microarrays



22

    7.    Nolan JP, Sklar LA (2002) Suspension array 
technology: evolution of the fl at-array para-
digm. Trends Biotechnol 20(1):9–12  

    8.    Sha MY, Walton ID, Norton SM et al (2006) 
Multiplexed SNP genotyping using nanobar-
code particle technology. Anal Bioanal Chem 
384(3):658–666  

    9.    Marquette CA, Blum LJ (2004) Direct immo-
bilization in poly(dimethylsiloxane) for DNA, 
protein and enzyme fl uidic biochips. Anal 
Chim Acta 506(2):127–132  

    10.    Epstein JR, Lee M, Walt DR (2002) High- 
density fi ber-optic genosensor microsphere 
array capable of zeptomole detection limits. 
Anal Chem 74(8):1836–1840  

    11.    Epstein JR, Ferguson JA, Lee KH et al (2003) 
Combinatorial decoding: an approach for uni-
versal DNA array fabrication. J Am Chem Soc 
125(45):13753–13759  

    12.    Yu X, Xia HS, Sun ZD et al (2013) On-chip 
dual detection of cancer biomarkers directly in 
serum based on self-assembled magnetic bead 
patterns and quantum dots. Biosens Bioelectron 
41(1):129–136  

    13.    Piletsky S, Piletska E, Bossi A et al (2003) 
Surface functionalization of porous polypropyl-
ene membranes with polyaniline for protein 
immobilization. Biotechnol Bioeng 82(1):
86–92  

    14.    Cretich M, Breda D, Damin F et al (2010) 
Allergen microarrays on high-sensitivity silicon 
slides. Anal Bioanal Chem 398(4):1723–1733  

    15.    Charles PT, Goldman ER, Rangasammy JG et al 
(2004) Fabrication and characterization of 3D 
hydrogel microarrays to measure antigenicity 
and antibody functionality for biosensor applica-
tions. Biosens Bioelectron 20(4):753–764  

    16.    Amine A, Mohammadi H, Bourais I et al 
(2006) Enzyme inhibition-based biosensors for 
food safety and environmental monitoring. 
Biosens Bioelectron 21(8):1405–1423  

    17.    Shi M, Peng Y, Zhou J et al (2006) Immunoassays 
based on microelectrodes arrayed on a silicon 
chip for high throughput screening of liver 
fi brosis markers in human serum. Biosens 
Bioelectron 21(12):2210–2216  

    18.    Marquette CA, Imbert-Laurenceau E, Mallet F 
et al (2005) Electroaddressed immobilization 
of recombinant HIV-1 P24 capsid protein onto 
screen-printed arrays for serological testing. 
Anal Biochem 340(1):14–23  

     19.    Rusmini F, Zhong Z, Feijen J (2007) Protein 
immobilization strategies for protein biochips. 
Biomacromolecules 8(6):1775–1789  

    20.    Andersson H, Jönsson C, Moberg C et al 
(2002) Self-assembled and self-sorted array of 
chemically active beads for analytical and bio-
chemical screening. Talanta 56(2):301–308  

    21.    Andreescu S, Njagi J, Ispas C et al (2009) JEM 
spotlight: applications of advanced nanomateri-
als for environmental monitoring. J Environ 
Monit 11(1):27–40  

    22.    Peijia TY, Xu N, Lu W, Xiao SJ, Liu JN (2011) 
Covalently derivatized NTA microarrays on 
porous silicon for multi-mode detection of 
His-tagged proteins. Sci China Chem 
54(3):526–535  

    23.    Wacker R, Niemeyer CM (2004) DDI-μFIA – 
a readily confi gurable microarray-fl uorescence 
immunoassay based on DNA-directed immobi-
lization of proteins. ChemBioChem 5(4):
453–459  

    24.    Johnson CP, Jensen IE, Prakasam A et al 
(2003) Engineered protein A for the orienta-
tional control of immobilized proteins. 
Bioconjug Chem 14(5):974–978  

       25.    Jonkheijm P, Weinrich D, Schröder H et al 
(2008) Chemical strategies for generating pro-
tein biochips. Angew Chem Int Ed 47(50):
9618–9647  

    26.    Patel N, Davies MC, Hartshorne M et al 
(1997) Immobilization of protein molecules 
onto homogeneous and mixed carboxylate- 
terminated self-assembled monolayers. 
Langmuir 13(24):6485–6490  

    27.    MacBeath G, Schreiber SL (2000) Printing pro-
teins as microarrays for high-throughput function 
determination. Science 289(5485):1760–1763  

    28.    Fernandez-Lafuente R, Rosell CM, Rodriguez 
V et al (1993) Preparation of activated sup-
ports containing low pK amino groups. A new 
tool for protein immobilization via the carboxyl 
coupling method. Enzym Microb Technol 
15(7):546–550  

    29.    Blawas AS, Reichert WM (1998) Protein pat-
terning. Biomaterials 19(7-9):595–609  

    30.    Duckworth BP, Xu J, Taton TA et al (2006) 
Site-specifi c, covalent attachment of proteins to 
a solid surface. Bioconjug Chem 17(4):
967–974  

    31.    Govindaraju T, Jonkheijm P, Gogolin L et al 
(2008) Surface immobilization of biomolecules 
by click sulfonamide reaction. Chem Commun 
32:3723–3725  

    32.    Houseman BT, Huh JH, Kron SJ et al (2002) 
Peptide chips for the quantitative evaluation of 
protein kinase activity. Nat Biotechnol 20(3):
270–274  

C. Desmet and C.A. Marquette



23

     33.    Corgier BP, Marquette CA, Blum LJ (2005) 
Diazonium-protein adducts for graphite elec-
trode microarrays modifi cation: direct and 
addressed electrochemical immobilization. 
J Am Chem Soc 127(51):18328–18332  

     34.    Falsey JR, Renil M, Park S et al (2001) Peptide 
and small molecule microarray for high 
throughput cell adhesion and functional assays. 
Bioconjug Chem 12(3):346–353  

    35.    Saxon E, Bertozzi CR (2000) Cell surface 
engineering by a modifi ed Staudinger reaction. 
Science 287(5460):2007–2010  

    36.    Nilsson BL, Kiessling LL, Raines RT (2000) 
Staudinger ligation: a peptide from a thioester 
and azide. Org Lett 2(13):1939–1941  

    37.    Soellner MB, Dickson KA, Nilsson BL et al 
(2003) Site-specifi c protein immobilization by 
Staudinger ligation. J Am Chem Soc 
125(39):11790–11791  

    38.    Köhn M, Wacker R, Peters C et al (2003) 
Staudinger ligation: a new immobilization 
strategy for the preparation of small-molecule 
arrays. Angewandte Chemie 42(47):
5830–5834    

Surface Functionalization for Immobilization of Probes on Microarrays



25

Paul C.H. Li et al. (eds.), Microarray Technology: Methods and Applications, Methods in Molecular Biology, vol. 1368,
DOI 10.1007/978-1-4939-3136-1_3, © Springer Science+Business Media New York 2016

    Chapter 3   

 The “Clickable” Method for Oligonucleotide 
Immobilization Onto Azide-Functionalized Microarrays       

     Tomasz     Ratajczak    *,     Barbara     Uszczyńska    *,     Emilia     Frydrych-Tomczak    , 
and     Marcin     K.     Chmielewski      

  Abstract 

   The DNA microarray technique was supposed to help identifying and analyzing the expression level of tens 
of thousands of genes in the whole genome. But there is a serious problem concerning fabrication of the 
microarrays by chemical synthesis, such as specifi c and effi cient linking of probes to a solid support. 
Therefore, we reckon that applying “click” chemistry to covalently anchor oligonucleotides on chemically 
modifi ed supports may help construct microarrays in applications such as gene identifi cation. Silanization 
of the glass support with organofunctional silane makes it possible to link azide groups on glass surface and 
the nucleic acid probe that is equipped with a pentynyl group. This is followed by direct spotting of the 
nucleic acid on the azide-modifi ed glass support in the presence of copper ions, and this is a frequently 
applied method of “click” chemistry.  

  Key words     Click chemistry  ,   Oligonucleotides  ,   DNA  ,   Microarrays  ,   Silanization  ,    Hybridization    , 
   Fluorescence    ,   Phosphoramidite  

1       Introduction 

 A microarray is defi ned as a collection of probes (nucleic acids, 
proteins, lipids, peptides, or carbohydrates) immobilized in an 
ordered 2-D manner on a solid support, e.g., plates, microchan-
nels, microwells, or particles [ 1 – 4 ]. However, it is the nucleic acid 
microarrays on glass slides that are fi rst developed and have found 
major application in biomedical research. The nucleic acid arrays 
enable assessment of gene expression, analysis of the genome struc-
ture, identifi cation of genetic polymorphism, or detection of viral, 
bacterial, and fungal pathogens. The arrays give an opportunity to 
analyze thousands of different DNAs or RNAs in parallel with only 
a small amount of biological material [ 5 ]. In practice, there are two 

 *Author contributed equally with all other contributors. 
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technologies for microarray fabrication: by synthesizing oligonu-
cleotides “step by step” in situ or by spotting the previously syn-
thesized oligonucleotides onto the surface of a slide [ 6 ,  7 ]. 
Currently, in situ synthesis method seems to be the most effective 
method for preparing high-density microarrays. This method uses 
a photolabile system of protection/deprotection hydroxyl groups. 
However, an alternative method for applying thermolabile protect-
ing groups in the “heat-driven” approach has also been reported 
[ 8 ]. Spotting techniques are less effective but simpler, and conse-
quently they are commonly used for the production of customized 
microarrays [ 9 ]. One of the key factors affecting the DNA micro-
array sensitivity and specifi city is the method of probe immobiliza-
tion on the solid support. Nucleic acid microarrays are being 
produced via electrostatic interactions or covalent bond formation 
between probes and solid support. The covalent binding of probes 
requires DNA to be equipped with a linker, which can form a sta-
ble covalent bond with groups located on a solid support [ 10 ]. 
Traditional spotting techniques use spotting pins that may not be 
small enough and this limitation restricts the size of microarrays. 
The atomic force microscope tips have been applied in the Dip- 
Pen Nanolithography (DPN) approach to the miniaturization of 
DNA nanoarrays [ 11 ]. However, the search for effective solutions 
in biopolymers immobilization on the solid phase is still a chal-
lenge in terms of performance and miniaturization of microarrays. 

 During the 2000s, Sharpless, Kolb, and Finn have introduced 
to the literature the concept of “click” chemistry [ 12 ]. It covers 
different condensation reactions that characterize rapidity, high 
effi ciency, and specifi city [ 13 ,  14 ]. To date, different variants of 
this “click” reaction are known (Fig.  1 ) [ 15 ], and it has also been 

  Fig. 1    Examples of reaction types that meet the descriptions of the “click” reaction       
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demonstrated that the “click” chemistry can be easily combined 
with microcontact printing [ 16 ]. Different types of cycloaddition 
in the “click” approach can be used for different applications.

   The most suitable variant for microarray construction seems to 
be the copper (Cu(I))-catalyzed variant of Alkyne-Azide 
Cycloaddition (CuAAC) [ 17 ,  18 ], which was fi rst reported for 
solid-phase synthesis of peptidotriazoles [ 19 ]. This method can be 
easily applied to attach alkyne or azide-modifi ed oligonucleotides to 
well-defi ned surfaces with azide or terminal alkyne group, respec-
tively [ 20 ]. The “click” reaction can occur in the presence of vari-
ous agents, e.g., oxygen, water, and biological molecules [ 21 ]. For 
nucleic acid modifi cations with azide or alkynyl groups, there are 
two main strategies. The fi rst one is based on using already modi-
fi ed phosphoramidite building blocks, which can be directly applied 
in automatic solid-phase DNA synthesis. This strategy provides 
good results and enables the synthesis of oligomers with an alkynyl 
group attached to 5′-OH of ribose [ 22 ], 2′-OH of ribose [ 23 ], the 
functional groups of nucleobases [ 24 – 27 ], or the internucleotide 
phosphate backbone [ 28 ]. Rozkiewicz et al. have immobilized 
5′-alkynyl modifi ed oligonucleotides on azide- bearing slides using 
microcontact printing. Synthesis in the nanoscale confi nement 
between an elastomeric stamp and a reactive substrate leads to the 
formation of the desired product under ambient conditions, within 
a short time, and without a catalyst. The second strategy as applied 
by Ju et al. [ 29 ] is more complicated because the introduction of an 
azide group to the oligonucleotide during its chemical synthesis is 
ineffi cient due to the azide phosphoramidite instability [ 30 ]. 
However, the incorporation of the azide group can take place as a 
post-synthetic oligonucleotide modifi cation, e.g., a bromine atom 
can be exchanged by the azide group [ 31 ]. 

 We previously reported the application of the “click” reaction 
for the immobilization of DNA on a solid support [ 32 ]. Herein, we 
present a detailed protocol for this application. To this end, we chose 
the strategy of binding modifi ed oligodeoxynucleotides (ODNs) 
(modifi ed by an alkynyl group) to a solid surface covered with azide-
functionalized silanes. Figure  2  shows schematically how the ODNs 
are linked with azide groups on the modifi ed glass surface.

   This method is simple and cheap because producing an azide- 
functionalized silane or a propargyl link is simple and the time 
required for effective functionalization of the support is short. 

 The phosphoramidite approach was used to introduce the 
alkynyl groups to oligodeoxynucleotides (ODN). Pentynyl phos-
phoramidite was fi rst prepared and it was placed at the 5′-end of 
the ODN during the last step of chemical synthesis. Owing to the 
bifunctional nature of the azide-functionalized silane, i.e. 3-azido-
propyltrimethoxysilane ((CH 3 O) 3 Si(CH 2 ) 3  N 3 ) [ 33 – 35 ], it could 
be used as the “coupling agent” to link the biopolymeric moiety 
and inorganic silicon-based substrate (e.g., CPG particles or glass 
microscopic slides) [ 36 ]. 

The “Clickable” Method for Oligonucleotide Immobilization…
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 We spotted the modifi ed ODN (with a pentynyl linker) on 
azide-functionalized slides in the presence of sodium ascorbate, 
CuSO 4 , and glycerol. After intensive rinsing of the slide we carried 
out the hybridization procedure on printed slide with fl uorescently 
labeled ODN targets. As shown in Fig.  3 , 0.2 and 0.5 %, but not 
0.02 %, of the silane gave hybridization signals that resulted from 
the formed duplexes.

2       Materials 

       1.    Glass slides: standard soda-lime microscope slides 
(26 × 76 × 1 mm).   

   2.    Ultrasonic cleaning units: Elma S60H, ultrasound frequency 
37 kHz, ultrasonic power 150 W.   

   3.    Acetone (analytical grade).   
   4.    Microarray High-Throughput Wash Station (Arrayit Co., 

USA).   
   5.    Magnetic stirrer.   
   6.    Detergent solution: 4 % Trilux detergent in water. Add 250 

mL of doubly distilled water to a high-throughput wash sta-
tion, add 10 mL of Trilux detergent and mix.   

   7.    Nitrogen gas (99.999 %) for drying.      

2.1  Glass  Substrate   
Preparation

  Fig. 2     Immobilization   of a DNA oligodeoxynucleotide on the azide-functionalized 
glass surface (Reproduced from Ref.  32  with permission from Royal Society of 
Chemistry)       
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       1.    Three Coplin staining jars each holding fi ve slides.   
   2.    Toluene pure.   
   3.    Ethanol, absolut 99,8 % pure.   
   4.    Silane solution for silanization of glass slides (0.02, 0.2, 0.5 % 

AzPTMS in toluene). Add 40 mL of toluene to three Coplin 
staining jars and put in 8×10 −3 , 8×10 -2 , 0.2 g AzPTMS, respec-
tively, and mix.      

       1.    Controlled pore glass (CPG): pore diameter (dp) = 125–160 
μm; 

 pore volume (Vp) = 1.06 cm 3  g −1 ; particle diameter 
(D) = 94 nm (Cormay, Poland).   

   2.    Round-bottom fl ask, 25 mL.   
   3.    3-azidopropyltrimethoxysilane (AzPTMS), synthesized 

according to the procedure developed by Mader et al. [ 37 ] .    
   4.    5 % of AzPTMS in toluene, i.e., 0.25 g of AzPTMS was added 

to 5 mL of toluene in a round-bottom fl ask.      

        1.    4-pentyl-1-ol, kept for 1 week over activated 3 Å sieves before use.   
   2.    3-hydroxypropionitrile, freshly distilled under reduced pres-

sure and kept over activated 3 Å sieves before use.   

2.2  Glass Substrate 
Silanization

2.3   CPG Silanization  

2.4  Synthesis 
of Modifi ed 
Oligodeoxynucleotides 
(ODN)

  Fig. 3     Hybridization   of fl uorescently labeled targets with oligodeoxynucleotides that were immobilized via 
“click” chemistry on glass slides. Different concentrations of azide-functionalized silanes in toluene (v/v) ( a ) 
0.5 % v/v, ( b ) 0.2 % v/v, ( c ) 0.02 % v/v were used. The targets are Cy5-labeled xxx. The distance between spots 
for each slide is 500 μm and the average SNR (signal-to-noise ratio) is 230 (Reproduced from Ref.  32  with 
permission from Royal Society of Chemistry)       
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   3.    Diisopropylamine (DIPEA), dried by distillation over NaH 
and kept over 3 Å activated sieves for 3 days before use.   

   4.    Phosphorus trichloride (PCl 3 ) ( see   Note 1 ).   
   5.    Benzene, dried by distillation over NaH and kept over 3 Å acti-

vated sieves for 5 days before use.   
   6.    10 mg of modifi ed CPG solid supports (Biosearch Technologies 

Inc. USA) ( see   Note 2 ).   
   7.    Oligodeoxynucleotides (ODNs), synthesized according to the 

procedure developed by  Caruthers  et al. [ 38 ] on a DNA syn-
thesizer (K&A Laborgeraete GbR, Germany).   

   8.    Ammonia solution (32 %) for oligonucleotide deprotection.   
   9.    Urea (ultrapure).   
   10.    100 mL of 10× TBE buffer (tris(hydroxymethyl)

aminomethane) / boric acid/EDTA.   
   11.    20 % polyacrylamide stock solution.   
   12.    10 % APS prepared by dissolution of 100 mg of ammonium 

persulfate (APS) in 900 μL milliQ water.   
   13.    For denaturing gel electrophoresis: mix polyacrylamide/ N , N' -

methylenebisacrylamide solution (29:1 v:v), 100 mL of 10× 
TBE buffer, 420 g of urea, and add milliQ water to 1000 mL.   

   14.    For a denaturing gel: mix 60 mL of 20 % stock solution, 750 μL 
of 10 % APS, and 30 μL of  N , N , N ′, N ′-tetramethylethylenediamine  
(TEMED).   

   15.    Electrophoretic power supply.   
   16.    0.3 M triethylammonium acetate buffer used for ODN elu-

tion, obtained by mixing 300 mL of 1 M triethylammonium 
acetate buffer and 700 mL of milliQ water and fi ltrated through 
a MF™ Membrane fi lter (0.45 μm).   

   17.    96 % ethanol.   
   18.    Gel fi ltration column (NAP™-25, GE Healthcare).   
   19.    100 mL of autoclaved milliQ water.   
   20.    Dehydrated acetonitrile (max. 30 ppm of a water).   
   21.    Freeze-drier, miVac Concentrator (Genevac, USA) used for 

lyophilization of probes.      

       1.    40 μM modifi ed ODNs solution.   
   2.    0.1 M sodium ascorbate solution, 4 mg of sodium ascorbate 

dissolved in 120 μL autoclaved milliQ water.   
   3.    0.1 M CuSO 4  solution, 6.2 mg of CuSO 4 ⋅5H 2 O dissolved in 

250 μL autoclaved milliQ water.   
   4.    10 mL glycerol.   
   5.    384-well plate.   
   6.     Microarray   spotter (NanoPrint LM60, ArrayIt, USA).      

2.5  Spotting 
of Modifi ed ODNs
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       1.    1 % sodium dodecyl sulfate (SDS) solution: 5 g of SDS dis-
solved in 80 mL of milliQ water. Next, the solution was heated 
to 60 °C and stirred until all SDS was dissolved. The volume 
was adjusted to 550 mL with milliQ water and stirred again at 
room temperature.   

   2.    milliQ water,  T  = 90–100 °C.   
   3.    20× SSC buffer: dissolve 173.5 g of NaCl and 88.2 g of sodium 

citrate in 800 mL of milliQ water. Adjust the pH value to 7.0 
with a few drops of 14 M HCl. Adjust the volume to 1 L with 
milliQ water. Sterilize by autoclaving. The fi nal concentrations 
are 3.0 M NaCl and 0.3 M sodium citrate [ 39 ].   

   4.    2× SSC + 0.1 % SDS: 50 mL of 20× SSC dilute with 300 mL 
milliQ water and while stirring add 50 mL of 1 % SDS. Adjust 
the volume to 500 mL with milliQ water.   

   5.    0.5 % sodium dodecyl sulfate (SDS) solution: 50 mL of 1 % 
SDS solution was placed in a graduated cylinder and the vol-
ume was adjusted to 500 mL with milliQ water.   

   6.    0.05 % sodium dodecyl sulfate (SDS) solution: 0.5 % SDS solu-
tion was diluted ten times with milliQ water in a graduated 
cylinder and the volume was adjusted to 500 mL.   

   7.    Mixture of modifi ed ODNs (2 nM, 1 μL) in 50 μL SpotQC 
buffer (Integrated DNA Technologies).   

   8.     Microarray   High-Throughput Wash Station (ArrayIt).   
   9.     Microarray   High-Speed Centrifuge (ArrayIt).   
   10.     Microarray   Hybridization   Chamber (Corning).   
   11.    Microscope coverslips 24 × 24 mm.   
   12.     Microarray   Hybridization   Oven (Thermo Scientifi c).      

       1.     Microarray   scanner  GenePix 4200AL  (Molecular Devices).   
   2.     GenePixPro 6.0  software (Molecular Devices).       

3    Methods 

       1.    Place fi ve glass slides in a Coplin staining jar with 40 mL of 
acetone and sonicate for 10 min ( see   Note 3 ).   

   2.    Dry glass slides under nitrogen gas for 20 min ( see   Note 4 ).   
   3.    Place glass slides in detergent solution in a microarray high-

throughput wash station and mix for 20 min ( see   Note 5 ).   
   4.    Rinse twice with doubly distilled water in Microarray high-

throughput wash station.   
   5.    Dry in a stream of nitrogen gas for 30 min ( see   Note 4 ).      

2.6   Hybridization  

2.7  Scanning 
and Analysis

3.1   Glass Slide   
Preparation
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       1.    Place 0.1 g CPG and 5 % solution of AzPTMS in toluene in a 
round-bottom fl ask. Stir the mixture at room temperature for 
24 h ( see   Note 6 ).   

   2.    Filter the silanized CPG using a funnel and wash with 100 ml 
of toluene.   

   3.    Place the silanized CPG in an oven and dry at 120 °C for 1 h 
( see   Note 7 ).      

       1.    Immerse cleaned glass slides in Coplin staining jars containing 
a toluene solution of the 3-AzPTMS at various concentrations 
(0.02; 0.2 or 0.5 %) at room temperature for 1 h.   

   2.    Rinse silanized glass slides by sonication in toluene (two times 
using 40 mL).   

   3.    Dry in a Microarray High-Throughput Wash Station oven at 
120 °C for 1 h.   

   4.    After cooling to room temperature, rinse the glass slides with 
ethanol and dry in a stream of nitrogen.      

       1.    Use 4-pentyl-1-ol, diisopropylamine, 3-hydroxypropionitrile, 
PCl 3 , and dried benzene (as a solvent) to prepare the linker: 
4-pentynyl-(2-cyanoethyl)-N,N-diisopropyl phosphoramidite 
according to the method of  Pourceau  et al. [ 40 ] .    

   2.    ODNs were synthesized by following the protocol described 
by  Caruthers  et al. [ 3 ,  7 ]. The linker was dissolved in a 1 mL 
of dry acetonitrile (0.2 M) and attached to the 5′ end of each 
ODN during its automatic ODN synthesis on the DNA syn-
thesizer ( see   Note 8 ).   

   3.    Prepare 20 % polyacrylamide gel for electrophoresis ( see  
Subheading  2.3 ,  item 11 ).   

   4.    Run the gel electrophoresis using the settings of 450 V, 10 
mA, 25 W.   

   5.    Elute ODNs from a denaturing gel with 0.3 M triethylammo-
nium acetate buffer in two steps. First, crush the gel. Then, 
swamp it with 1 mL of buffer, shake it overnight at 4 °C, cen-
trifuge, and decant the solution (part I). Put in 1 mL of buffer, 
shake for 4 h, centrifuge, and decant the solution (part II).   

   6.    Put together solutions from part I and II and add three vol-
umes of 96 % ethanol, keep it for 1 h at 4 °C, centrifuge at 
18,514 ×  g  force for 30 min. Decant the supernatant and wash 
the precipitate with 500 μL of 70 % ethanol solution. Centrifuge 
it at 18,514 ×  g  force for 15 min at 4 °C, decant the superna-
tant, and dry the modifi ed ODN precipitate.   

   7.    The modifi ed ODNs are desalted. Dissolve the ODNs obtained 
from gel in 500 μL autoclaved milliQ water. Introduce them on 

3.2   CPG Silanization  

3.3   Glass Slide   
Silanization

3.4  Synthesis 
of Modifi ed 
Oligodeoxynucleotides 
(ODN)
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a NAP™ -25 column, and elute the ODN with autoclaved milliQ 
water. Lyophilize the ODNs using a freeze-drier afterwards.      

       1.    Mix in a tube: 250 μL CuSO 4  solution (0.04 M), 1 μL of 
modifi ed ODN (40 μM), 50 μL of glycerol, and 120 μL 
sodium ascorbate (0.1 M) ( see   Note 8 ).   

   2.    Place 20 μL of the mixture into a single well of 384-well plate. 
In total, 100 wells per modifi ed ODN were fi lled with the mix-
ture (5 columns × 20 rows). Apply the microarray spotter pin 
confi guration: four pins in a row ( see   Note 9 ).   

   3.    Incubate the slides for 1 h in the spotter humidity chamber 
(70–80 %) at room temperature ( see   Note 10 ).   

   4.    Using the modifi ed ODNs in the 384-well plate, perform 
spotting on the slides.      

       1.    Immerse the spotted slides in the High-Throughput Wash 
 station fi lled with 1 % SDS solution (500 mL) at room tem-
perature and stir for 1 min.   

   2.    Next, fi ll the station with milliQ H 2 O (500 mL,  T  = 90–100 
°C) and immerse the slides in it and stir for 30 s.   

   3.    Take out the slides and dry them by centrifugation (10 s) 
( see   Note 11 ).   

   4.    Place the slides in the  Microarray   Hybridization   Chamber. 
Place 50 μL mixture of fl uorescently labeled ODN in SpotQC 
buffer on the slide. Cover the slide surface with coverslip and 
place 10 μL of milliQ H 2 O in the well in the Microarray 
Hybridization Chamber ( see   Note 12 ).   

   5.    Lock the  Microarray   Hybridization   Chamber and incubate it 
for 30 min at 40 °C.   

   6.    Next, remove slides from  Hybridization   Chambers and 
immerse it in the High-Throughput Wash station fi lled with 
2× SSC + 0.1 % SDS solution (500 mL) at room temperature 
and stir for 1 min.   

   7.    Fill the station with 0.5 % SDS solution (500 mL) and immerse 
slides in it and stir for 1 min at room temperature.   

   8.    Lastly, wash the slides by immersing them in 0.5 % SDS solu-
tion (500 mL) with stirring for 1 min at room temperature. 
Then dry them by centrifugation (10 s).      

       1.    To detect fl uorescence of hybridized probes, scan the microar-
rays using a microarray scanner (see Note 13).   

   2.    Perform quantitative analysis using the  GenePixPro 6.0  soft-
ware. As a result, convert the signal intensities into numbers 
and save them as .gpr fi les ( GenepixPro results ). This fi le format 
is used for many programs enabling advanced microarray data 
analysis.       

3.5  Spotting 
of Modifi ed ODNs

3.6   Hybridization  

3.7  Scanning 
and Analysis
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4    Notes 

     1.    The reagents: 4-pentyl-1-ol, benzene, and DIPEA must be 
dried prior to use, otherwise we have to use more PCl 3 , which 
consumes water in reaction mixture, i.e., in a small excess than 
in the method described by  Pourceau  et al.   

   2.    For modifi ed CPG, we used the 1000 Å of 5'-DMT-X-Suc- 
CPG where X refers to nucleotides: T, dG(iBu), dC(Bz), and 
dA(Bz) (where iBu and Bz are isobutyryl and benzoyl exocy-
clic amine protecting groups, respectively).   

   3.    Acetone removes organic contaminants from the glass surface.   
   4.    The glass slides are dried in a desiccator through which a 

stream of nitrogen gas fl ows.   
   5.    The use of a detergent solution is suffi cient to clean the surface 

of the glass slides. This removes any stains that have back-
ground fl uorescence to interfere with the microarray image on 
the glass slide.   

   6.    The CPG silanization process is carried out in a round-bottom 
fl ask. The fl ask must be shaken to keep the CPG particles in 
constant motion. To this end, one may use an automatic shaker 
or mechanical stirrer. In the latter case, it is vital to keep the stir 
bar off the CPG particles in order to avoid destruction of their 
structure.   

   7.    Thermal curing of the fi lm which, in cross-linking the free 
silanol groups, reduces the effect of hydrolysis of one or more 
of the siloxane linkages on the glass surface. Post-silanization 
curing of the substrate has been shown to improve the stability 
of silane fi lms by cross-linking of free silanols.   

   8.    The time of the coupling stage was extended to 200 s to maxi-
mize the reaction yield. The presence of linker at the 5′ end of 
the ODNs was confi rmed chromatographically after their 
purifi cation.   

   9.    Copper (I) sulfate (formed by the reduction of copper (II) 
sulfate by sodium ascorbate) is present to catalyze the “click” 
reaction. Glycerol reduces water evaporation in small liquid 
volumes of the spotted droplets and enables more effective 
covalent attachment of probes to the solid surface.   

   10.    While using the contact microarray spotter, it is important to 
optimize the contact distance between the pins and the glass 
slide. In this way, the solution is precisely located and spread 
on the slide surface. The liquid spread on the slide also depends 
on the hydrophilic character of the surface.   

   11.    To enable a stable attachment of the probes on the solid sur-
face via the “click” reaction, it is crucial to keep humidity at 
~70–80 % in order to decrease evaporation of the solvent.   

Tomasz Ratajczak et al.
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   12.    The use of centrifugation to dry the slides helps to reduce the 
fl uorescent background of the microarray image.   

   13.    The application of nitrogen gas, especially during hybridiza-
tion, results in a reduction in the fl uorescent background.          
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    Chapter 4   

 Microarray Developed on Plastic Substrates       

     María-José     Bañuls    ,     Sergi     B.     Morais    ,     Luis     A.     Tortajada-Genaro    , 
and     Ángel     Maquieira      

  Abstract 

   There is a huge potential interest to use synthetic polymers as versatile solid supports for analytical microar-
raying. Chemical modifi cation of polycarbonate (PC) for covalent immobilization of probes, micro- 
printing of protein or nucleic acid probes, development of indirect immunoassay, and development of 
hybridization protocols are described and discussed.  

  Key words     Synthetic polymers  ,   Plastic substrates  ,    Polycarbonate    ,   Surface functionalization  ,    Probe   
covalent immobilization  ,    Immunoassay    ,    Hybridization   assay  ,   Optical detection  

1      Introduction 

  Microarray   techniques have been developed to increase the work 
capacity, to miniaturize assay format, and to improve the perfor-
mances of different analytical approaches. Three steps are key for the 
microarraying method, and they are probe immobilization, probe- 
target biorecognition, and detection. There are many microarraying 
methods, but all of them use a support material where the bioanalyti-
cal assay is carried out. The performance of the different assays 
depends highly on the nature of the support, what determines probe 
immobilization strategy, bioreceptor properties, and detection mode. 

 There are three main types of solid supports: inorganic materi-
als such as silicon and its derivatives, oxides of elements such as 
tantalum, indium, and aluminum, and metals such as gold or silver. 
Other support families are carbon and its composites, or more 
sophisticated substances such as nanocrystals. 

 Synthetic polymers or plastics are another large group of solid 
supports for microarraying. Besides the own nature of each support 
material, plastics have key properties such as diversity, versatility, and 
fabrication in different presentations at a very competitive cost. 
Especially for disposable medical devices, this type of plastic supports 
is the gold standard if marketing biosensing systems is the goal. 
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 Polymers have exceptional properties as microarraying supports, 
mainly related to their immobilization strategies and their interaction 
between targets and capture receptors (proteins in general, antibod-
ies, carbohydrates, lipids, nucleic acids, semi-synthetic and synthetic 
substances). The polymers allow different ways for probe anchoring, 
high throughput and compatibility with practically all types of detec-
tion principles, particularly the optical ones. Other advantages of 
polymeric supports are the ease for integrating microfl uidic struc-
tures to develop multiple steps of the analytical protocol. 

 The proper choice of the surface material properties is also key 
to obtain good results. Normally, polymer surfaces are modifi ed in 
the fabrication procedure, and it is important to note that even the 
change due to the extrusion process to manufacture bulk polymer 
alters signifi cantly the behavior of the microarray related to probe 
attachment. In addition, surface properties of the polymeric mate-
rials affect the immobilization density of the probes and their bio-
availability. At the same time, nonspecifi c interaction should be 
reduced for maintaining the assay reproducibility and reliability. 

 Among the different polymers, polycarbonate (PC), polymeth-
ylmethacrylate (PMMA), nylon, and polystyrene have been exten-
sively used. Some general approaches in using these substances for 
microarray solid support are found in the literature [ 1 ,  2 ] .  

  Polycarbonate   (PC) possesses interesting physical properties, 
molding facility, and low cost, and it is a very good candidate to be 
applied as the microarray platform in optical detection devices. 
Moreover, chemical surface functionalization has been developed 
for plastic substrates and their applications in microarraying and 
biosensing have been demonstrated. 

 Several microarraying strategies developed on PC substrates 
are presented and they are employed in competitive immunoassay 
for low molecular weight analytes and in  DNA hybridization   assay 
for pathogenic bacteria (Fig.  1 ).

2       Materials 

 Prepare all aqueous solutions using ultrapure water and analytical 
grade reagents. Work in a well-ventilated fume hood when han-
dling hazardous reagents. Discard the waste by following the safety 
recommendations for hazardous reagent disposal. 

 Before use, all the solutions must be fi ltered through a 0.22- 
µm pore size nitrocellulose membrane fi lter. 

       1.    Nitric acid 69 %, sulfuric acid 98 %.   
   2.    Glutaraldehyde (25 %, aqueous solution), sodium borohy-

dride, NaBH 4 .   
   3.    Dicyclohexyl carbodiimide (DCC), dimethylformamide (DMF).   

2.1  Reagents

María-José Bañuls et al.
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   4.    Ethylene carbodiimide (EDC),  N -hydroxysuccinimide (NHS).   
   5.    KCN, ninhydrin, pyridine,  t -butanol.   
   6.    Acetic acid,  p -anisaldehyde.   
   7.    Crystal violet dye, HCl (0.1 M), NaOH (0.1 M).      

       1.    Coating buffer: 50 mM sodium carbonate/bicarbonate buffer 
(CBB), pH 9.6.   

   2.    Phosphate buffered saline (PBS) 1× buffer: 0.15 M NaCl, 10 
mM sodium phosphate, pH 7.4. Use as the immobilization 
buffer.   

   3.    PBST 10× buffer: PBS 10× buffer containing Tween 20, i.e., 
1.5 M NaCl, 0.1 M sodium phosphate, pH 6.8, 0.5 % (v/v) 
Tween 20.   

   4.    PBST 1× buffer: PBS 1× buffer containing 0.05 % (v/v) Tween 
20, pH 7.4.   

   5.    MES buffer: 0.5 M 2-( N -morpholino)ethanesulfonic acid, pH 
5.0. Use as an activation buffer.   

   6.    Silver enhancement solutions A and B. Prepare just before use. 
Use for signal amplifi cation.   

   7.     Hybridization   buffer (HB): 150 mM sodium chloride and 15 
mM sodium citrate, containing 25 % formamide (v/v), 
pH 7.0. Sterilize the solution by autoclaving. Use:  DNA 
hybridization  .   

2.2  Buffers 
and Working Solutions

  Fig. 1    Representative image for groups of 3 × 3 microarrays for the determination of low molecular weight 
compounds. The data analysis (signal-to-noise ratios) is represented in the  inset        
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   8.    Mineral oil (8 %): used to reduce the risk of evaporation of HB 
during hybridization.   

   9.    Enzymatic substrate: 3,3′,5,5′-Tetramethylbenzidine (TMB). 
Use for signal amplifi cation. Store at 4 °C.      

       1.    Primers (10 μM).   
   2.    Digoxigenin-11-dUTP (1 mM).   
   3.    dNTPs (1 mM).   
   4.    Template DNA.   
   5.    Taq DNA Polymerase (1 U/μL).   
   6.     PCR   buffer 10×: 750 mM Tris–HCl pH 9.0, 500 mM KCl, 

2 mM MgCl 2 .      

       1.    Ovalbumin from chicken egg white (OVA).   
   2.    An analog of the target analyte (such as hapten) conjugated to 

a protein ( see   Note 1 ).   
   3.    Analyte standard at 1 mg/L in methanol.   
   4.    Anti-analyte rabbit polyclonal antibody solution ( see   Note 2 ).   
   5.    Gold-coated anti-rabbit IgG (whole molecule) antibody ( see  

 Note 3 ).   
   6.    Affi nity-purifi ed streptavidin from  Streptomyces avidinii .   
   7.    Oligonucleotides: 5′ end-modifi ed (biotin, amine, and 

digoxigenin).   
   8.    Peroxidase-labeled anti-digoxigenin monoclonal antibody.   
   9.    Sephadex G-25 medium.      

       1.    PC slides are provided by Grupo Condor, Calatayud, Spain.   
   2.    Crystallizing dish.   
   3.    Hot plate.   
   4.    Microwave plasma reactor (PVA Tepla 200 plasma system).   
   5.    Spotter.       

3    Methods 

   Bring all the solutions to room temperature and carry out all pro-
cedures at room temperature, unless otherwise specifi ed.

    1.    Prepare 100 μL fresh solutions of  N -hydroxysuccinimide 
(NHS; 100 μmol), dicyclohexylcarbodiimide (DCC; 100 
μmol), and the analog of the target analyte (hapten; 25 μmol) 
in anhydrous dimethylformamide (DMF).   

2.3  DNA 
 Amplifi cation   
Reagents

2.4  Immunoreagents

2.5  Apparatus

3.1  Conjugation 
of Haptens to Carrier 
Proteins
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   2.    Pipette 25 μL of each NHS and DCC solutions and dispense 
them to the hapten solution (100 μL) prepared in a 1-mL glass 
vial to activate it.   

   3.    Stir the solution by magnetic stirrer for 3 h at room 
temperature.   

   4.    Centrifuge the mixture for 2 min at 8161 ×  g  to remove the 
acyl urea precipitate.   

   5.    Take 35 μL of the supernatant and make it up to 100 μL with 
DMF.   

   6.    Weigh in a 2-ml polypropylene tube 10 mg ovalbumin (OVA) 
and dissolve it with 900 μL sodium carbonate/bicarbonate 
buffer (CBB).   

   7.    Add the activated hapten (100 μL) dropwise to the OVA solu-
tion and stir for 4 h at room temperature for conjugation.   

   8.    Purify the hapten–OVA conjugate by gel-exclusion chroma-
tography on a Sephadex G-25 medium ( see   Note 4 ), using 
PBS 1× as the elution buffer.   

   9.    Store the conjugate at −20 °C until use ( see   Note 5 ).      

       1.    Add 20 mL of nitric acid to a crystallizing glass dish.   
   2.    Add 5 mL of sulfuric acid to the dish ( see   Note 6 ).   
   3.    Heat the sulfuric-nitric acid mixture at 65 ºC on a hot plate 

( see   Note 7 ).   
   4.    Immerse a PC slide into the hot acid mixture.   
   5.    Heat for 10 min ( see   Note 8 ).   
   6.    Pour the acid mixture carefully into a beaker containing 

200 mL of water ( see   Note 9 ).   
   7.    Wash the PC slides three times with deionized water and blow 

dry.   
   8.    Weight 2.5 g of sodium borohydride (NaBH 4 ) and dissolve it 

in 25 mL of PBS 1× ( see   Note 10 ).   
   9.    Immerse the PC slides in the NaBH 4  solution and stir for 6 h 

at room temperature.   
   10.    Take out the slides which are aminated (Fig.  3a ). Wash with 

PBS 1×. Rinse with deionized water, wash again with ethanol, 
and blow dry. The surface can be tested for the presence of 
amine groups ( see   Note 11 ).      

       1.    Mix 5 mL of glutaraldehyde with 20 mL of PBS 1× in a dish 
( see   Note 12 ).   

   2.    Immerse the aminated PC slide in the glutaraldehyde solution 
and incubate at room temperature for 2 h ( see   Note 13 ).   

3.2  Amine-Modifi ed 
 Polycarbonate   (PC) 
Surface

3.3  Aldehyde- 
Modifi ed PC Surface

Microarray Developed on Plastic Substrates 
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   3.    Take out the slides which are aldehyde-modifi ed (Fig.  3b ), 
wash with PBS 1×, water and blow dry. The surface can be 
tested for the presence of aldehyde groups ( see   Note 14 ).      

       1.    Wash the aldehyde-modifi ed PC slides with ethanol, then with 
deionized water and blow dry.   

   2.    Put the slides inside the microwave plasma reactor.   
   3.    Set the oxygen pressure inside the reactor to 120 Pa and oper-

ate the microwave radiation at 2.45 GHz and with continuous 
power, 100 W, for 30 s ( see   Note 15 ). Take out the slides 
which are carboxylate-modifi ed (Fig.  3c ). The surface can be 
tested for the presence of carboxylate groups ( see   Note 16 ).   

   4.    Store the slides under vacuum until its use ( see   Note 17 ) [ 3 ].      

      The procedure for printing probe solutions in microarray format 
on polycarbonate surfaces [ 4 ,  5 ] is described as follows.

    1.    Transfer 50 μL of probe solutions (e.g., oligonucleotides, hap-
tens, protein–hapten conjugates) to the wells of a 384- microwell 
plate ( see   Note 18 ).   

   2.    Place the 384-microwell plate into the spotting robot’s plate 
holder ( see   Note 19 ).   

   3.    Place the slide into the spotting robot’s slide holder. Be sure 
that activated surface is faced up.   

   4.    Set the printing layout programming for probe spotting (i.e., 
24 arrays of 5 × 5 spots each). An example is shown in Fig.  2  
( see   Note 20 ).

3.4  Carboxylate- 
Modifi ed PC Surface

3.5  General Method 
for Spotting Probes 
on PC Surfaces

  Fig. 2     Microarray   layout: 24 arrays of 25 dots each (5 × 5). Spot-distance is 1 mm. Controls: C+ for positive 
(four replicates) and C− for negative (fi ve replicates).  Boxes  1–4: targeted probes (four replicates)       
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       5.    Set the printing conditions: humidity 90 % and temperature 
25 ºC.   

   6.    Adjust the height of slides ( see   Note 21 ).   
   7.    Test that the spotting pins are all printing well and the arrayer 

positioning is properly calibrated by performing test prints ( see  
 Note 22 ).   

   8.    Print probe solutions on PC slides. Repeat the process for rep-
licate slides ( see   Note 23 ).    

         1.    For printing oligonucleotides, aldehyde-modifi ed PC slides are 
used (Fig.  3b ).

       2.    Prepare a solution of aminated oligonucleotide 5 μM in CBB.   
   3.    Transfer 50 μL of the aminated oligonucleotide solution to a 

384-well plate.   
   4.    Follow  steps 2–8  of Subheading  3.5  using oligonucleotide 

probes.   
   5.    Incubate the arrayed surface at 42 ºC for 1 h ( see   Note 24 ). 

Perform the incubation in a dark humid chamber ( see   Note 25 ).   
   6.    Wash the slide with CBB, then with water, and blow dry (Fig. 

 3d ) ( see   Note 26 ).   

3.6  Covalent 
Attachment 
of Oligonucleotides 
on Aldehyde-Modifi ed 
PC Surface
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  Fig. 3    Schemes of the different probe immobilization approaches conducted on the PC surface:  A  for amine- 
modifi ed surface,  B  for aldehyde-modifi ed surface,  C  for carboxylate-modifi ed surface,  D  for oligonucleotides 
coated on the aldehyde-modifi ed surface,  E  for haptens coated on the amine-modifi ed surface,  F  for hapten–
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   7.    Prepare a solution of OVA of 1 % (w/v) in CBB.   
   8.    Dispense 35 μL of OVA solution on the microarray slide to 

block the surface.   
   9.    Incubate the slide at room temperature in the humid chamber 

for 30 min ( see   Note 27 ).   
   10.    Wash the slide with PBST, then with water, and blow dry [ 6 ].   
   11.    Store the slides at 4 ºC until use.      

       1.    For printing haptens that consist of carboxylate group, amine- 
modifi ed PC slides are used (Fig.  3a ).   

   2.    Dissolve 50 μmol of hapten, 50 μmol (5.8 mg) of NHS, and 
50 μmol of DCC (10.3 mg) in 0.4 mL anhydrous DMF to 
prepare the hapten solution.   

   3.    Incubate the slide in the hapten solution in the dark, at room 
temperature, for 2 h with gently stirring.   

   4.    Centrifuge at 5223 ×  g  for 15 min.   
   5.    Take the supernatant and discard the acyl urea precipitate.   
   6.    Prepare a 1/100 dilution of the supernatant in PBS 1× ( see  

 Note 28 ).   
   7.    Transfer 50 μL of the solution to the wells of a 384-well plate.   
   8.    Follow  steps 2–8  of Subheading  3.5  using the hapten solution.   
   9.    Incubate the arrayed surface at room temperature for 16 h 

under controlled humidity conditions ( see   Note 25 ).   
   10.    Wash the slide with PBS 1×, then with water, and blow dry 

(Fig.  3e ) [ 7 ].   
   11.    Store the slides at 4 ºC until use.      

       1.    For printing protein–hapten conjugates, carboxylate-modifi ed 
PC slides are used (Fig.  3c ).   

   2.    Prepare a solution of 0.2 M NHS and 0.2 M EDC in MES 
buffer (pH 5.0) ( see   Note 29 ).   

   3.    Immerse the carboxylate-modifi ed PC slide in the solution and 
incubate for 30 min at room temperature.   

   4.    Wash the slide with MES buffer.   
   5.    Prepare a 1 mg/mL of a solution of protein–hapten conjugate 

(e.g., streptavidin-biotin conjugate) in MES buffer ( see   Note 30 ).   
   6.    Transfer 50 μL of the protein–hapten conjugate solution to the 

wells of a 384-well plate.   
   7.    Follow  steps 2–8  of Subheading  3.5 . Incubate at 4 ºC for 16 

h in humid, dark chamber ( see   Note 31 ).   
   8.    Wash the slide with MES buffer, then with water and blow dry 

(Fig.  3f ).   
   9.    Store the slides at 4 ºC until use.      

3.7  Covalent 
Attachment of Haptens 
on Amine- Modifi ed PC 
Surface

3.8  Covalent 
Attachment 
of Protein–Hapten 
Conjugate 
on Carboxylate- 
Modifi ed 
 Polycarbonate   Surface
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       1.    Prepare standards of analytes (e.g., chlorpyriphos) of 85 μL in 
0.2-mL polypropylene tubes by making fourfold serial dilu-
tions, ranging from 0.016 to 16.0 μg/L of analyte in ultrapure 
water.   

   2.    Add 10 μL PBST 10× to each standard to condition it.   
   3.    For competitive immunoassay, the analyte is fi rst mixed with 

the antibody which will be incubated with the protein–hapten 
conjugate attached on the microarray slide surface. To do this, 
add 5 μL rabbit anti-analyte antibody solution to the condi-
tioned analyte standards and vortex the mixture for 5 s (stan-
dard solutions).   

   4.    For sample analysis, repeat  steps 1–3  by using the sample ana-
lytes. Pipette 85 μL of samples into polypropylene tubes and 
proceed as before for sample conditioning and antibody 
addition.   

   5.    Dispense 25 μL of standard solutions or samples onto the sens-
ing zones, covering the microarray slide under a coverslip, and 
incubate the solutions for 15 min. The reaction of the analyte 
to the protein–hapten conjugate and the subsequent detection 
are depicted schematically in Fig.  4a .

3.9   Competitive 
Immunoassay  s 
on Plastic Surfaces 
for Determination 
of Low Molecular 
Weight Analytes

Silver enhancer

Silver deposit

OVA-hapten conjugate
aminated probe

Labeled PCR product

HRP labeled antibody

NH2

Analyte

Specific antibody

Gold labeled antibody

N

N

TMP

Blue-soild
product

a b

  Fig. 4    Schemes of the assays conducted on the PC surface. ( a ) Whole process of a competitive immunoassay. 
The assay consists on a competitive step between the analyte (sample) and the hapten conjugate for the bind-
ing sites of the specifi c antibody. The immuno-interaction is indirectly detected using gold-labeled secondary 
antibody and silver enhancement signal amplifi cation, rendering a metallic silver deposit. ( b )  DNA hybridization   
assay on an aldehyde-modifi ed PC surface       
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       6.    Wash the slide with deionized water to remove unbound 
analytes.   

   7.    Dispense 25 μL of 5-nm gold-labeled goat anti-rabbit anti-
body solution (1:100 dilution in detection buffer) onto each 
sensing zone and incubate it for 15 min.   

   8.    Wash the slide with deionized water to remove unbound 
labeled antibody.   

   9.    Prepare the silver enhancement solution by pipetting solutions 
A and B (500 μL each) in a polypropylene tube (1.5 mL) and 
vortex for 2 s.   

   10.    Dispense the silver enhancement solution (25 μL) onto each 
sensing zone and incubate it for 8 min. The silver enhance-
ment amplifi cation produces a black precipitate whose optical 
density in inversely proportional to the analyte concentration.   

   11.    Stop the amplifi cation reaction by washing the slide with water.   
   12.    Detect the black precipitate generated on the plastic surface 

with the naked eye, document scanner, smartphone camera, or 
an optical disc drive when standard optical discs are used as 
supports [ 8 ].      

       1.    For  PCR   amplifi cation, prepare the PCR mix (25 μL) in a 0.2- 
mL tube by adding 2.5 μL of PCR buffer 10×, 0.5 μL dNTP- 
stock solution, 1.0 μL of each forward and reverse primers, and 
1.0 μL of digoxigenin-11-dUTP (1 μM). Keep the tubes on 
ice ( see   Note 32 ).   

   2.    Add 5.5 μL template DNA, 2.5 μL Taq DNA Polymerase, and 
11 μL nuclease-free water ( see   Note 33 ).   

   3.    Gently mix the  PCR   mixture. Collect all liquid to the bottom 
of the tube by a quick spin, if necessary ( see   Note 33 ).   

   4.    Remove the  PCR   tubes from ice and transfer them to a PCR 
machine with the heat block pre-heated to 95 °C and begin 
thermocycling ( see   Note 34 ).   

   5.    Prepare 100 μL of tenfold serial dilutions of the amplifi ed  PCR   
product in the hybridization buffer.   

   6.    Dispense 25 μL of each dilution onto each sensing zone and 
incubate the solutions at 37 ºC, for 30 min (s).   

   7.    Wash the sensing surface with deionized water.   
   8.    Dispense 25 μL of horseradish peroxidase-labeled anti- 

digoxigenin monoclonal antibody solution (1/1000 dilution 
in PBST 1×) onto each sensing zone to detect the hybridiza-
tion event. Incubate the solution for 15 min.   

   9.    Wash the slide with deionized water to remove unbound 
labeled antibody.   

3.10  DNA 
Hybridization Assays 
on Plastic Surfaces 
for Detection 
of Pathogenic Bacteria
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   10.    Dispense 25 μL of TMB liquid substrate system onto each 
sensing zone and incubate for 10 min for the HRP-catalyzed 
TMB conversion to the oxidized form, which is a dark-blue 
precipitate.   

   11.    Stop the enzymatic reaction by washing the slide with water.   
   12.    Detect the colored insoluble product generated onto the plastic 

surface with the naked eye, document scanner, smartphone cam-
era, or a disc drive when a standard optical disc was used [ 9 ].       

4    Notes 

     1.    Ovalbumin (OVA) is one of the recommended protein for the 
conjugation of low molecular weight target analytes to be 
immobilized on the microarray slide surface.   

   2.    Other than polyclonal rabbit anti-analyte antibody, specifi c 
mouse monoclonal antibody can be used.   

   3.    For detecting monoclonal, rather than polyclonal, antibodies, 
gold-labeled anti-mouse instead of anti-rabbit, IgG antibody 
(whole molecule) produced in goat should be used.   

   4.    Follow the supplier recommendations. The Sephadex G-25 
column specifi cations are exclusion limit: MW 5000; bed 
 volume: 8–10 mL; sample volume: 1 mL.   

   5.    Prepare 50 μL aliquots of the hapten–OVA conjugate for stor-
age. This is to avoid repeated cycle freeze-thaw of the 
conjugate.   

   6.    Add sulfuric acid very carefully to nitric acid and in small 
 portions, since the solutions will heat up locally and pose the 
risk of splashing. The mixture will release acidic vapors, so the 
procedure must be conducted in a fume hood.   

   7.    It is important not to exceed 65 °C by too much in order to 
avoid polymer degradation.   

   8.    Shake the dish slightly for several times during heating. This 
step can be extended to a maximum of 30 min.   

   9.    The dilution of the sulfonitric mixture in water results in a very 
exothermic reaction and local over-heating can produce unde-
sired liquid splashing.   

   10.    When dissolving NaBH 4 , gas bubbles will be generated con-
tinuously in the solution. The gas generated is hydrogen, and 
so perform this step in a fume hood and stay away from igni-
tion sources. If there is some NaBH 4  residue, it must be deac-
tivated (hydrolyzed) before discarding it to the waste bin. 
Don’t put the solid residue in contact with dry paper, as there 
is a risk of fi re.   

Microarray Developed on Plastic Substrates 
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   11.    To confi rm the presence of functional groups on the surface, a 
qualitative ninhydrin test for amine-modifi ed surfaces is 
detailed as follows [ 10 ] . 
   Dissolve 33 mg KCN in 50 mL water. Dilute 2 mL of the KCN 

solution up to 100 mL with pyridine. This is reagent A.  
  Dissolve 2.5 g ninhydrin in 50 mL ethanol (reagent B).  
  Dissolve 80 g phenol in 20 mL  t- butanol (reagent C).  
  Cut a small piece of the polycarbonate (PC) slide and place it 

inside a dish. Add a few drops (2–3) of each reagent (A, B, 
and C) to the dish. Heat at 100 ºC for 5 min. The test is 
positive for the presence of amine if the PC slide turns 
purple-violet. A control test should be performed using 
untreated PC slide.      

   12.    It is important to maintain the pH of the glutaraldehyde mix-
ture to be around 7.0. A higher pH induces the dialdehyde 
self-polymerization and the polycarbonate surface will lose its 
transparency.   

   13.    Swirl the dish occasionally several times during the reaction.   
   14.    The  p -anisaldehyde test for aldehyde-modifi ed surfaces: 

 Prepare a solution with sulfuric acid (9 mL), ethanol (88 mL) 
and acetic acid (1 mL), and p-anisaldehyde (2.55 mL). 
This solution can be stored at 0 ºC for several days. Cut a 
small piece of the PC slide and put it in a dish. Add a few 
drops of the solution to cover fully the surface and heat at 
110 ºC for 5 min. The test for the presence of aldehyde is 
positive if the surface turns dark purple.   

   15.    Time can be increased to about 1 min.   
   16.    The crystal violet test for carboxylate-modifi ed surfaces:

   Prepare a 1 mM aqueous solution of crystal violet dye in 
0.01 M NaOH.  

  Cut a small portion of the PC slide and place it in a dish. Add 
a few drops of the dye solution until it fully covers the 
slide surface. Incubate at room temperature for 5 min. 
Remove the slide and wash it thoroughly with water. 
Introduce the slide in 80 % ethanol (i.e., 80 % ethanol and 
20 % water), and then in 0.1 M HCl. If the slide surface 
turns violet, the test for the presence of carboxylate is 
positive. Alternatively, assuming 1:1 stoichiometry bind-
ing between the carboxylate group and the dye, the absor-
bance can be measured for quantifi cation. The amount of 
 carboxylate groups on the PC surface can be determined 
through the corresponding calibration curve and upon 
normalization for the slide surface area [ 11 ] .       
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   17.    It is highly recommended to perform the bioreceptor  conjugation 
to the surface by spotting immediately after fi nishing the carbox-
ylate functionalization steps.   

   18.    The solution volume depends on the number of slides to be 
spotted. Here 50 μL of solution is used for 16 slides.   

   19.    Different spotters can be used for microarray spotter [ 12 ]. A non-
contact printer is recommended (e.g., AD 1500 BioDot).   

   20.    For a standard 25 mm × 75 mm e slide, a recommended layout 
consists of 24 arrays of 25 dots each (5 × 5): four spots for each 
analyte (four in total), four positive controls, and fi ve negative 
controls. Other layouts can be designed, depending on the 
surface area and geometry [ 13 ]. Spots are distributed with a 
center-to-center distance of 1 mm. This layout is designed for 
a gasket applied to introduce 3 × 8 wells.   

   21.    The height of polycarbonate slides can differ from that of slides 
made of other materials. Adjust the  Z -position of the spotting 
nozzle using the software that controls the robot.   

   22.    All pins should be able to print several hundred consecutive 
spots. In case of improper printing, rinse the pins with dilute 
acid solutions and water. Put the pins in a bath containing the 
dilute acid and sonicate them extensively, if necessary [ 14 ].   

   23.    The dispensing of 50 nL of printing solutions by non-contact 
system onto PC slides produces spots of approximately 500 μm 
in diameter. In the recommended confi guration, the array den-
sity is 1 spot/mm 2 .   

   24.    Alternatively, incubation can be conducted for 4 h at room 
temperature.   

   25.    Humid conditions can be reached by placing a moisturized 
fi lter paper on the bottom of the container.   

   26.    To determine the immobilization yield, fl uorescent labeled oli-
gonucleotides can be used. To this end, 1 μl of known concen-
trations of oligonucleotides is spotted on the surface, and 
fl uorescence detected with a CCD camera or a fl uorescence 
scanner.   

   27.    The blocking step minimizes nonspecifi c adsorption, but it can 
also diminish the hybridization effi ciency. Generally, for hybrid-
ization assays a blocking step is not required under the 
described conditions.   

   28.    The dilution described here is only an example. However, with 
other carboxylate-modifi ed haptens, it is recommended to test 
different dilution factors in order to reach the optimal value.   

   29.    It is important to carefully maintain the pH at 5.0 in order to 
stabilize the active ester formed.   

   30.    Alternatively, PBS1× pH 7.0 can be employed instead.   

Microarray Developed on Plastic Substrates 
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   31.    If the protein can tolerate the temperature, room temperature, 
instead of 4 °C, can be used.   

   32.    The optimal concentration of the master mix components, 
including magnesium ion, must be determined empirically for 
each specifi c application. For  Salmonella  spp. detection, the 
 PCR   mix is prepared by adding 2.5 μL 10 × Taq standard poly-
merase reaction buffer, 0.5 μL dNTP-stock solution (with 10 
mM of each dNTP), 1.0 μL of each forward and reverse prim-
ers (10 μM), and 1.0 μL of digoxigenin-11-dUTP (1 μM).   

   33.    For detection of  Salmonella  spp., the primers pair consisting of 
 LHNS 531 (5′-TACCAAAGCTAAACGCGCAGCT-3′) and 

 RHNS 682 (5′-TGATCAGGAAATCTTCCAGTTGC-3′) 
were used to amplify a 152-bp region of the  hns  gene. The 
probe sequences were  Probe   1: 5′-T10-GCTCGTCCGGCTA
AATATAGCTATGTTG- 3′, Probe 2: 5′- T10-CGAAAACGG
TGAAACTAAAACCTGGAC- 3′, Probe 3: 5′- T10-AGGGTC
GTACACCGGCTGTAATCAAA- 3′, Probe 4: 5′- T10-GCAA
TGGAAGAACAAGGTAAGCAACTG- 3′, C+: 5′- T10-GTCA
TGGGCCTCGTGTCGGAAAACC- digoxigenin- 3′, C-: 5′- T10-
TAGAGACTTAAAGAGGGAGCCCGGG-3′   

   34.    Use high-quality and purifi ed DNA templates. The recom-
mended amounts of DNA template range from 1 ng to 1 μg. 
Mix all reagents in a  PCR   tube kept on ice. When needed, 
quickly transfer the tube to a thermocycler.   

   35.    For  Salmonella  spp. detection, the  PCR   program starts with a 
denaturation step of 7 min at 95 ºC, followed by 35 cycles at 
95 ºC (30 s), 62 ºC (30 s), and 72 ºC (30 s) and a fi nal cycle 
at 72 ºC for 4 min.         
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    Chapter 5   

 Detection and Quantifi cation of MicroRNAs by 
Ligase- Assisted Sandwich Hybridization on a Microarray       

     Ryo     Iizuka    ,     Taro     Ueno    , and     Takashi     Funatsu      

  Abstract 

   Extracellular microRNAs (miRNAs) in body fl uids have been identifi ed as promising biomarkers for 
 different human diseases. The high-throughput, multiplexed detection and quantifi cation of these  miRNAs 
are highly benefi cial for the rapid and accurate diagnosis of diseases. Here, we developed a simple and 
convenient microarray-based technique, named ligase-assisted sandwich hybridization (LASH), for the 
detection and quantifi cation of miRNAs. The LASH assay involves the hybridization of capture and detec-
tion probe pairs with the target miRNA to form a double-stranded structure which is then nick-sealed by 
T4 DNA ligase. Using this assay, we successfully demonstrated the multiplexed detection and quantifi ca-
tion of different miRNAs in total RNA samples derived from blood obtained within 3 h. Here, we provide 
a detailed protocol for the LASH assay to detect a specifi c miRNA, as a model for the detection and quan-
tifi cation of extracellular miRNAs.  

  Key words     microRNA (miRNA)  ,    Biomarker    ,    Diagnosis    ,   Sandwich hybridization  ,   T4 DNA ligase  

1      Introduction 

 MicroRNAs (miRNAs) are single-stranded non-coding RNAs of 
18–25 nucleotides in length, and they are found in various organ-
isms, including plants, and animals and viruses. The miRNAs bind 
to the complementary regions on one or more messenger RNAs 
(mRNAs), thereby promoting their degradation and inhibiting 
their translation. As a result, miRNAs play fundamental roles in 
different cellular processes such as cell proliferation, differentia-
tion, and apoptosis, as well as in disease processes [ 1 – 3 ]. Previous 
studies have focused on extracellular miRNAs in body fl uids such 
as serum, plasma, saliva, breast milk, and urine [ 4 – 6 ]. Despite high 
RNase activity in the body fl uid [ 4 ,  5 ], these miRNAs are remark-
ably stable in it because they are complexed with proteins (e.g., 
Argonaute 2, high-density lipoprotein) [ 7 ,  8 ] and encapsulated in 
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extracellular lipid-bilayer vesicles (e.g., exosomes and  microvesicles) 
[ 9 – 11 ]. Recent studies have indicated that extracellular miRNAs 
are associated with various pathological conditions, including can-
cer [ 4 – 6 ,  12 ], and so these biomolecules are considered to be 
promising biomarkers for cancer and other diseases. Therefore, a 
method to facilitate the high-throughput detection and quantifi ca-
tion of numerous miRNAs in clinical practice is required. 

 In general, microarrays are very useful for the high- throughput, 
multiplexed detection and quantifi cation of miRNAs. However, in 
the conventional microarrays used for the detection and quantifi -
cation of miRNA, there are various challenges, such as stoichio-
metric labeling with fl uorophores (i.e., fl uorophore-labeling bias), 
discrimination among highly homologous sequence variants, and 
discrimination between mature miRNAs and precursors (e.g., pri- 
miRNAs and pre-miRNAs). To address these challenges, we devel-
oped a microarray-based assay, namely ligase-assisted sandwich 
hybridization (LASH). Using this assay, we successfully demon-
strated within 3 h the multiplexed detection and quantifi cation of 
different miRNAs in total RNA samples derived from blood [ 13 ]. 

 Figure  1  shows a schematic representation of the LASH assay 
used for miRNA detection. The LASH assay employs two different 
types of DNA oligonucleotide probes. The fi rst one is C-probe, a 

  Fig. 1    Schematic representation of the ligase-assisted sandwich hybridization 
assay (LASH assay) for detecting miRNAs. A target miRNA hybridizes to comple-
mentary C-probe and D-probe, resulting in a tertiary complex. Both C-probe and 
D-probe are each capped with a phosphate group at the 5′ end and a hydroxyl 
group at the 3′ end. This permits the T4 DNA ligase to ligate the 5′ end of 
C-probe to the 3′ end of D-probe, and to ligate the 5′ end of D-probe to the 3′ 
end of the target miRNA       
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DNA oligonucleotide that is complementary to the 5′ half of the 
target miRNA, and the probe is immobilized on a glass surface via 
a fl exible linker. The linker enhances the hybridization of the target 
miRNA to an immobilized probe on the surface [ 14 ,  15 ]. The 
other is D-probe, a DNA oligonucleotide with a stem-loop struc-
ture labeled with a fl uorophore and the probe sequence is comple-
mentary to that of the 3′ half of the miRNA. Both probes carry a 
phosphate group at the 5′ end. The combination of the target 
miRNA, C-probe, and D-probe results in the formation of a 
double- stranded structure with nicks. The nicks can be sealed by 
T4 DNA ligase which works on dsDNA, but not on ssDNA ( see  
 Note 1 ). Consequently, the target miRNA can be detected fl uores-
cently without labeling the miRNA that involves complex sample 
preparation procedures and variability in the labeling effi ciency. In 
addition, the LASH procedure can be completed within 3 h, 
whereas conventional microarray experiments used for miRNA 
detection usually require 24 h.

   The LASH assay is highly specifi c because T4 DNA ligase 
will only join nicks that are perfectly aligned on the oligonucle-
otide (i.e., no gaps or mismatches at the junction). Furthermore, 
the hybridization of the precursors of miRNAs (i.e., pre-miR-
NAs and pri-miRNAs) to the D-probe is prevented by its stem-
loop structure, which acts as a size discriminator [ 16 ]. Note that 
miRNA is not released from C-probe and D-probe after ligation. 
Thus, miRNA cannot hybridize to another C-probe and D-probe 
pair, preventing multiple counts of hybridization to the same 
miRNA. 

 In the LASH assay, homologous miRNAs can be detected 
separately using D-probes labeled with different fl uorescent dyes 
(Fig.  2 ). Here, we demonstrate an example of the detection of 
two human miRNAs, hsa-miR-141-3p and hsa-miR-200a-3p, 
which can serve as biomarkers for cancer detection [ 13 ,  17 ,  18 ] 
( see   Note 2 ). There are differences of two nucleotides between 
hsa-miR- 141-3p and hsa-miR-200a-3p (indicated as boxed 
nucleotides in Fig.  2a ). The C-probe was designated to hybridize 
to the identical sequences of both miRNAs (indicated as under-
lined sequences), whereas D-probes were targeted to the rest of 
the sequences. D-probes targeted to hsa-miR-141-3p and hsa-
miR-200a-3p were labeled with Alexa647 and Alexa532, respec-
tively (Fig.  2a ). The fl uorescent signals were detected separately 
in the presence of target miRNAs (Fig.  2b ). On the other hand, 
the fl uorescent signals were only slightly detectable in the pres-
ence of non-target miRNAs (Fig.  2b ). These results indicate that 
each D-probe individually hybridized to the target miRNA and 
that two-color detection enabled us to simultaneously quantify 
hsa-miR-141-3p and hsa-miR- 200a-3p without signifi cant 
cross-hybridization.
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2       Materials 

 miRNAs are readily degraded by RNase [ 5 ], and so RNase con-
tamination should be avoided. Use RNase-free reagents, buffers, 
and water [e.g., diethylpyrocarbonate (DEPC)-treated water or 
Milli-Q water fi ltered through a BioPak ultrafi ltration membrane] 
when preparing solutions. 

  Fig. 2    Two-color detection of homologous miRNAs. ( a ) Design of probe sets used 
for the detection of hsa-miR-141-3p and hsa-miR-200a-3p. There are differ-
ences of two nucleotides between hsa-miR-141-3p and hsa-miR-200a-3p (indi-
cated as  boxed  nucleotides), which are located in the sequence that binds to 
D-probes. In addition, the  underlined  sequences of both miRNAs are identical, 
and they can bind to the common C-probe (indicated in  italics ). ( b ) Detection of 
hsa-miR- 141-3p and hsa-miR-200a-3p in the presence of the target and non-
target D-probes. Data are presented as mean ± SD ( n  = 3)       
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       1.    C-probe for hsa-miR-143-3p (synthetic DNA oligonucle-
otide): 5′-(phosphate) GTGCTTCATCTCA ACAACAACAAC
AACAACAACA(6-FAM)(SH)-3′. The oligonucleotide is 
phosphorylated at the 5′ end and modifi ed with 6-FAM and a 
thiol group at the 3′ end ( see   Note 3 ). The underlined sequence 
is complementary to hsa-miR-143-3p ( see   Note 4 ). The syn-
thesized oligonucleotide should be purifi ed by HPLC. Dissolve 
the oligonucleotide in DEPC-treated water to obtain a con-
centration of 20 μM. Store the aliquots at −20 °C, and avoid 
multiple cycles of thawing and freezing.   

   2.    DEPC-treated water or nuclease-free water.   
   3.    1 M Tris–HCl, pH 8.0.   
   4.    1 M dithiothreitol (DTT). Store at −20 °C.   
   5.    2× reduction buffer: 167 mM Tris–HCl (pH 8.0), 80 mM 

DTT.   
   6.    Silane-PEG-Maleimide (silane-PEG-Mal) (MW 5000; Nanocs 

Inc., cat. no. PG2-MLSL-5k).   
   7.    NAP-5 column (GE Healthcare, cat. no. 17-0853-01).   
   8.    Non-stick RNase-free 1.5-mL microcentrifuge tube.   
   9.    UV–visible spectrophotometer.   
   10.    20× SSC buffer: 3 M NaCl, 300 mM sodium citrate, pH 7.0.   
   11.    3× SSC buffer: 450 mM NaCl, 45 mM sodium citrate, pH 7.0.   
   12.    Betaine solution.   
   13.    Inkjet spotter.   
   14.    Coverslips (e.g., 18 × 18 mM, 0.12–0.17 mm thick).   
   15.    Humidity chamber (plastic petri dish containing wet Bemcot 

paper soaked in DEPC-treated water or Milli-Q water).   
   16.    Parafi lms.   
   17.    Coverslip staining rack.   
   18.    Glass petri dish (Φ60 × 90H mM).   
   19.    W1 buffer: 0.1 % SDS, 300 mM NaCl, 30 mM sodium citrate, 

pH 7.0. This solution should be freshly prepared each time.   
   20.    Benchtop reciprocal shaker (e.g., desktop shaking water bath).   
   21.    Milli-Q water.   
   22.    Compressed-gas blower.      

       1.    Metal disks (custom-made, 11 mm in diameter, 5 mm in 
height).   

   2.    Square petri dish (e.g., Sterile 100 mm square petri dishes in a 
non-compartmentalized format).   

   3.    Adhesive agent (e.g., Araldite AR-S30).   

2.1  Construction 
of Oligonucleotide 
Microarrays

2.2  Construction 
of the  Hybridization   
Chamber
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   4.    Polydimethylsiloxane (PDMS).   
   5.    Disposable weighing boat.   
   6.    Vacuum desiccator.   
   7.    Water aspirator pump.   
   8.    Oven.      

       1.    D-probe for hsa-miR-143-3p (synthetic DNA oligonucleotide): 
5′-(phosphate) CTCAACTGGTGTCG TGGA(Alexa647)
GT CGGCA AT TCAGTTGAG  GAGCTACA -3′. 

 The oligonucleotide is phosphorylated at the 5′ end and 
internally modifi ed with Alexa647. The underlined sequence is 
complementary to hsa-miR-143-3p ( see   Note 4 ). The sequence 
in italics is a self-complementary sequence that can form a 
stem- loop structure. The synthesized oligonucleotide should 
be purifi ed by HPLC. Dissolve the oligonucleotide in DEPC-
treated water or nuclease-free water to obtain a concentration 
of 20 μM. Store the aliquots at −20 °C and avoid multiple 
cycles of thawing and freezing.   

   2.    hsa-miR-143-3p (synthetic RNA oligonucleotide): 
5′-UGAGAUGAAGCACUGUAGCUC-3′. 

 The synthesized oligonucleotide should be purifi ed by 
HPLC. Dissolve the oligonucleotide in DEPC-treated water 
or nuclease-free water to obtain a concentration of 100 μM. 
Store the aliquots at −20 °C and avoid multiple cycles of thaw-
ing and freezing.   

   3.    1 M Tris–HCl, pH 7.5.   
   4.    1 M MgCl 2 .   
   5.    100 mM ATP. Store at −20 °C.   
   6.    50 mg/mL BSA. Use RNase-inactivated or RNase-free 

BSA. Store at −20 °C.   
   7.    50 % PEG6000 (e.g., Hampton Research, cat. no. 

HR2-533).   
   8.    1.5× hybridization buffer: 100 mM Tris–HCl (pH 7.5), 

15 mM MgCl 2 , 225 mM NaCl, 150 μM ATP, 15 mM DTT, 
0.75 mg/mL BSA, 15 % PEG6000, 150 nM D-probe.   

   9.    T4 DNA ligase.   
   10.    0.2× SSC buffer: 30 mM NaCl, 3 mM sodium citrate, pH 7.0.   
   11.    Microplate shaker.   
   12.    Paper towels.   
   13.    Binder clips.   
   14.    Metal plate.   
   15.     Hybridization   incubator.      

2.3  Detection 
of miRNA

Ryo Iizuka et al.



59

       1.     Fluorescence   microscope with a xenon lamp as the light source.   
   2.    Objective lens [e.g., UPlanApo 20×, NA 0.70].   
   3.    Excitation fi lter for 6-FAM detection [e.g., BP460-490 

(Olympus)].   
   4.    Dichroic mirror for 6-FAM detection [e.g., FF495-Di03-25 × 36 

(Semrock)].   
   5.    Emission fi lter for 6-FAM detection [e.g., HQ535/50m 

(Chroma Technology)].   
   6.    Excitation fi lter for Alexa647 detection [e.g., FF01-628/40 

(Semrock)].   
   7.    Dichroic mirror for Alexa647 detection [e.g., Q660lp (Chroma 

Technology)].   
   8.    Emission fi lter for Alexa647 detection [e.g., FF01-692/40 

(Semrock)].   
   9.    Electron-multiplying charge-coupled device camera.      

       1.    W2 buffer: 1 % SDS, 300 mM NaCl, 30 mM sodium citrate, 
pH 7.0. This solution should be freshly prepared each time.       

3    Methods 

 RNase contamination should be avoided by adopting the follow-
ing precautions.

 ●    Always wear gloves when handling reagents, materials, and 
equipment. Change the gloves after coming in contact with 
RNase-contaminated surfaces.  

 ●   Avoid using equipment and work areas that have been exposed 
to RNases. Clean the equipment and work surfaces with etha-
nol or commercially available RNase decontamination solu-
tions (e.g., RNaseZap).    

   In this protocol, C-probes are immobilized on coverslips via a PEG 
linker (Fig.  1 ). A custom-made DNA microarray can also be used 
[e.g., eArray (Agilent Technologies)]. A long spacer sequence [e.g., 
15 repeats of trinucleotide (ACA)] should be incorporated on the 3′ 
end of C-probe. In addition, the 5′ ends of C-probes must be phos-
phorylated by T4 polynucleotide kinase prior to ligation.

    1.    Prepare 100 μL of the 2× reduction buffer. This solution is 
used to reduce the disulfi de bonds and free the thiol groups for 
preparing the C-probe ( see   Note 3 ).   

   2.    Mix 100 μL of C-probe solution (20 μM) with 100 μL of the 
2× reduction buffer and incubate the mixture at room 
 temperature for 1 h.   

2.4  Observation 
of  Microarray   Spots

2.5  Washing 
the  Hybridization   
Chamber

3.1  Preparation 
of the Oligonucleotide 
 Microarray  
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   3.    Remove DTT in the mixture using a NAP-5 column 
 equilibrated with 3× SSC buffer. Determine the concentration 
of C-probe by measuring the absorbance.   

   4.    Mix the C-probe with silane-PEG-Mal (the linker) at a molar 
ratio of 1:3 in the 3× SSC buffer for reaction and incubate at 
room temperature for 1 h.   

   5.    Quench the reaction by adding DTT (10 mM) to the solution 
and incubate at room temperature for 1 h.   

   6.    Prepare the probe printing solution by mixing 3 μM C-probe- 
PEG-silane with 750 mM betaine in the 3× SSC buffer 
( see   Note 5 ).   

   7.    Spot 1 nL of the printing solution on the coverslips using an 
inkjet spotter. Mark the coverslip to indicate its side that is 
printed with C-probes.   

   8.    To ensure the quality of spot morphology and reproducibility 
of spot size, place the coverslip in a humidity chamber imme-
diately after spotting, seal the chamber with parafi lm, and then 
incubate in the dark at room temperature for 2 h.   

   9.    Place the coverslips on a coverslip staining rack. Handle them 
carefully ( see   Note 6 ). Immerse the rack in a glass petri dish 
containing approximately 100 mL of W1 buffer for 10 min 
with gentle shaking using a benchtop reciprocal shaker. This 
step is to remove C-probes nonspecifi cally bound to the glass 
surface.   

   10.    Rinse the coverslips with Milli-Q water (approximately 
100 mL) while in a glass petri dish. Repeat this process three 
times ( see   Note 6 ).   

   11.    Dry the coverslips using a compressed-gas duster.   
   12.    Observe the microarray spots using a fl uorescence 

microscope.   
   13.    Measure the fl uorescence intensities of fi ve randomly selected 

spots in the absence and presence of C-probe. Calculate the 
average fl uorescence intensities after background subtraction 
and determine the amount of immobilized C-probe using a 
standard curve ( see   Note 7 ).    

         1.    The hybridization chamber will be constructed by PDMS cast-
ing. First, prepare the mold of the chamber. Use an adhesive 
agent to stick metal disks at uniform intervals of approximately 
20 mm on a square petri dish.   

   2.    Measure 100 g of the PDMS base and 10 g of the curing agent 
(at a ratio of 10:1 w/w) in a disposable weighing boat and mix 
them thoroughly to prepare the PDMS prepolymer mixture.   

3.2  Construction 
of the  Hybridization   
Chamber
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   3.    Degas the mixture in a vacuum desiccator which is connected 
to a water aspirator pump until no bubbles remain on the sur-
face of the PDMS prepolymer.   

   4.    Slowly pour the degassed prepolymer mixture on the mold and 
heat it in an oven at 65 °C for 2 h.   

   5.    Carefully peel off the casted PDMS from the mold.      

       1.    For experiment on each coverslip, prepare 200 μL of 1.5× 
hybridization buffer in non-stick RNase-free 1.5-mL micro-
centrifuge tubes. For more experiments, the total volume of 
the buffer can be made to be 200 × ( X  + 0.5) where  X  is the 
number of coverslips.   

   2.    Prepare 100 μL of hsa-miR-143-3p each of a fourfold serial 
dilution series (i.e., 20 fM–20 nM) in non-stick RNase-free 
1.5- mL microcentrifuge tubes.   

   3.    Add 200 μL of 1.5× hybridization buffer to the hsa-miR- 
143-3p solutions and then add T4 DNA ligase (fi nal concen-
tration of 5 U/μL).   

   4.    Transfer the mixtures into the wells of the hybridization cham-
ber, and cover them with the coverslips that are immobilized 
with the C-probes.   

   5.    Fix the hybridization chamber on a microplate shaker using 
binder clips, as shown in Fig.  3 .

       6.    Agitate the hybridization chamber at 1,200 rpm in an oven at 
30 °C for 2 h.   

   7.    Carefully place the coverslips on a staining rack ( see   Note 6 ). 
Immerse it in a glass petri dish containing 0.2× SSC buffer 
(approximately 100 mL) for 10 min with gentle shaking using 
a benchtop reciprocal shaker. This step will remove any 
D-probes nonspecifi cally bound to the glass surface. Repeat 
this process twice.   

   8.    Dry the coverslips using a compressed-gas duster.   
   9.    Measure the fl uorescence intensities of fi ve randomly selected 

spots in the absence and presence of C-probe. Calculate the 
average fl uorescence intensities after background subtraction 
and determine the amount of D-probe ligated to C-probe and 
hsa-miR143-3p using a standard curve ( see   Note 7 ). An exam-
ple of the results obtained is shown in Fig.  4 .

          The hybridization chamber can be used repeatedly after washing 
the wells.

    1.    Introduce 300 μL of W2 buffer into the wells of the hybridiza-
tion chamber, and cover them with coverslips.   

   2.    Fix the hybridization chamber on a microplate shaker, as 
shown in Fig.  3c .   

3.3  Detection 
of miRNA

3.4  Washing 
the  Hybridization   
Chamber
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   3.    Agitate the chamber on the shaker at 1,200 rpm in an oven at 
37 °C overnight.   

   4.    Rinse the wells with Milli-Q water, and dry them.       

4    Notes 

     1.    T4 DNA ligase catalyzes the formation of a phosphodiester 
bond between the adjacent 3′-hydroxyl and 5′-phosphate ends 
of double-stranded DNA, but it does not join single-stranded 
nucleic acids. This enzyme can also seal nicks in DNA–RNA 
hybrids with RNA strands via the 3′-hydroxyl end [ 19 ,  20 ].   

   2.    In the present study, we assigned the names of the miRNAs 
according to the nomenclature defi ned by the miRBase data-
base for miRNAs (  http://www.mirbase.org/    ) [ 21 ]. In the 
case of hsa-miR141-3p, the fi rst three letters (hsa) denote 

  Fig. 3    Fixing the hybridization chamber on a microplate shaker. ( a ) Place the 
parafi lm and paper towels on the hybridization chamber sealed with coverslips. 
( b ) Sandwich the inverted hybridization chamber between a metal plate and a 
microplate shaker. ( c ) Clamp the edge of the metal plate to the microplate shaker 
using binder clips       
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 Homo sapiens , the next three letters (miR) refer to mature 
miRNA, the number represents the gene designation, and the 
last two letters (3p) indicate that the miRNA is generated from 
the 3′ arm of the precursor miRNA.   

   3.    In general, thiol-modifi ed oligonucleotides are supplied in 
their oxidized form as a disulfi de bond to protect the thiol 
group from undesired side reactions. Thus, it is necessary to 
reduce the disulfi de bond in order to free the thiol group 
before use.   

   4.    D-probe has eight nucleotides complementary to the 3′ end of 
the miRNA, and C-probe has 13 nucleotides complementary 
to the 5′ end of the target. In the detection of hsa-miR143-3p, 
this combination has yielded the highest sensitivity [ 13 ].   

   5.    This probe printing solution can be stored for up to 1 month 
at 4 °C. However, 6-FAM is light-sensitive and thus the solu-
tion should be protected from exposure to light.   

   6.    Handle the coverslips carefully. It is important to ensure that 
they do not stick to each other.   

  Fig. 4    Detection of hsa-miR-143-3p by the LASH assay. ( a )  Fluorescence   images 
of 6-FAM-labeled C-probe ( left ) immobilized on a substrate and Alexa647-labeled 
D-probe ( right ) bound to C-probe in the presence of 1.25 nM hsa-miR-143-3p. 
Scale bar represents 100 μm. ( b ) The linearity of the plot is maintained between 
10 amol and 10 fmol of the input hsa-miR-143-3p. The upper limit of the linearity 
depends on the amount of C-probe immobilized on the substrate. Data are pre-
sented as mean ± S.E. ( n  = 5)       
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   7.    Spot a dilution series of C-probe and D-probe (1 nL per spot) 
on coverslips, and dry them. Measure the fl uorescence intensi-
ties of the entire spots using a fl uorescence microscope and 
create standard curves. Use the respective standard curves to 
determine the amounts of immobilized and ligated probes.         
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Chapter 6

Probe Design Strategies for Oligonucleotide Microarrays

Nicolas Parisot, Eric Peyretaillade, Eric Dugat-Bony,  
Jérémie Denonfoux, Antoine Mahul, and Pierre Peyret

Abstract

Oligonucleotide microarrays have been widely used for gene detection and/or quantification of gene 
expression in various samples ranging from a single organism to a complex microbial assemblage. The suc-
cess of a microarray experiment, however, strongly relies on the quality of designed probes. Consequently, 
probe design is of critical importance and therefore multiple parameters should be considered for each 
probe in order to ensure high specificity, sensitivity, and uniformity as well as potentially quantitative 
power. Moreover, to assess the complete gene repertoire of complex biological samples such as those stud-
ied in the field of microbial ecology, exploratory probe design strategies must be also implemented to 
target not-yet-described sequences. To design such probes, two algorithms, KASpOD and HiSpOD, have 
been developed and they are available via two user-friendly web services. Here, we describe the use of this 
software necessary for the design of highly effective probes especially in the context of microbial oligonu-
cleotide microarrays by taking into account all the crucial parameters.

Key words KASpOD, HiSpOD, DNA microarrays, Probe design, Explorative probe

1 Introduction

The advancement of microarray technology (e.g., in situ synthesis 
technologies coupled to the evolution of microarrays slide formats) 
led oligonucleotide microarrays to become high-throughput 
molecular tools. Holding millions of probes on a single glass slide, 
the high-density oligonucleotide microarrays can monitor the 
presence and/or the expression, of thousands of genes, combining 
qualitative and quantitative aspects in only one experiment [1–3].

The success of a microarray experiment strongly depends on 
the determination of the best probe set while taking the biological 
question into account. For instance, transcriptome arrays or whole- 
genome arrays (WGAs) target a single organism whose genome is 
sequenced and known, whereas environmental DNA microarrays 
aim to study complex microbial mixtures of known and unknown 
microorganisms. Probe design is thus one of the most critical steps 
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because the selected oligonucleotide probe set will have to provide 
(a) sensitivity (i.e., probes should detect low abundance targets in 
complex mixtures), (b) specificity (i.e., probes should not cross- 
hybridize with non-target sequences), and (c) uniformity (i.e., 
probes should display similar hybridization behaviors) [4, 5].

Improvements in the qualitative and quantitative aspects in the 
next-generation sequencing methods produce a substantial volume 
of sequence information and these methods will continue to accu-
mulate large amounts of sequence data sets in public databases. It 
is now possible to take advantage of such sequencing data to 
develop comprehensive microarrays by using explorative probe 
design strategies. Such strategies offer the opportunity to survey 
both known and unknown sequences [6]. Explorative probe design 
strategy uses the sequence variability within the targeted sequences 
to predict new combinations that are potentially present in natural 
environments but have not yet been described and deposited in 
public databases.

The software is available (see Table 1) to help the user solve the 
current bottlenecks in the choice of high-quality probe sets. Each 
software program has its own advantages and drawbacks, and the 
choice of programs must be made in total accordance with the 
nature of projects and the content of the scientific question.

More recently, microarrays were adapted in a flexible and easy-
to- use manner for profiling environmental communities in the area 
of microbial ecology [5, 7]. Indeed, designing oligonucleotide 
microarrays that can be used to survey the extreme diversity of 
microorganisms residing in various ecosystems represents a great 
challenge in the field of microbial ecology. Ever since several 
whole-genome arrays (WGAs) have been developed in the last few 
years, phylogenetic oligonucleotide arrays (POAs) and functional 
gene arrays (FGAs) are the two major approaches to assess diversity 
of microbial communities in the environment [5]. The POAs tar-
get the SSU rRNA genes, while the FGAs target key genes encod-
ing enzymes involved in metabolic processes. These arrays are 
described in more detail in subsequent sections.

To rapidly characterize the members of microbial communities pres-
ent in complex environments, numerous phylogenetic oligonucle-
otide arrays (POAs) have been developed, and they target the SSU 
rRNA biomarker [8–15]. Manual approaches and fully automated 
software have both been developed to design POAs (Table 1).

Such probe design strategies are generally based on aligned 
input sequence data or on performing a multiple sequence align-
ment as the first step of the algorithm. To design probes with an 
optimal coverage of the target group, multiple sequence align-
ments are usually converted into consensus sequences that account 
for the sequence variability at each position. Then, the design pro-
grams search in conserved regions to select the best oligonucle-
otide probes.

1.1 Phylogenetic 
Oligonucleotide Arrays 
(POAs)

Nicolas Parisot et al.
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The first software program dedicated to POAs that offered the 
possibility of designing explorative probes was the PhylArray pro-
gram [16]. PhylArray was developed to survey whole microbial 
communities, including both known and unknown microorgan-
isms, in complex environments. A degenerate consensus sequence 
is deduced from a multiple alignment of targeted SSU rRNA 
sequences. Degenerate candidate probes are then selected along 
the consensus sequence, and all the nondegenerate combinations 
deduced from the consensus sequence are checked for cross- 
hybridizations against a SSU rRNA database. Among the combina-
tions derived from each degenerate probe, some correspond to 
sequences that have not yet been deposited in public databases, 
namely explorative probes. Such probes should, therefore, allow 
the detection of undescribed microorganisms belonging to the tar-
geted taxon.

Even if PhylArray was used to account for all of the sequence 
variability within the targeted sequences, this software is limited in 
its ability to manage large input datasets due to the fact that it relies 
on initial multiple sequence alignments. Consequently, new probe 
design strategies are needed to define explorative probes based on 
large databases. KASpOD was developed to overcome this limita-
tion, see the following section.

KASpOD stands for “K-mer based Algorithm for highly Specific 
and explorative Oligonucleotide Design” [17]. The user first pro-
vides two sequence datasets that correspond to the target group 
and the non-target group. KASpOD will subsequently search 
probes that cover the target group minimizing the cross- 
hybridization with the non-target sequences. This software con-
sists of three computational stages (Fig. 1). The first stage of this 
algorithm is the extraction of every k-mer from the target and the 
non-target groups. Every k-mer found in both the target and the 
non-target groups is removed from the list of known probe candi-
dates. In the second stage, a clustering step is then performed to 
gather probe sequences from the same genomic location. For each 
cluster, a degenerate consensus probe is deduced that accounts for 
the sequence variability within the cluster. Among the sequence 
combinations derived from each degenerate oligonucleotide, some 
correspond to sequences not previously included in the target 
group and therefore represent explorative probes. Finally, the last 
stage of the KASpOD algorithm consists of assessing the coverage 
(i.e., percentage of sequences within the target group matching 
with the oligonucleotide probe) and specificity of each degenerate 
consensus k-mer against the target and non-target groups.

KASpOD defines group-specific signatures based on two input 
FASTA files: one for the target group and the second one for the 
non-target sequences. The user can choose the oligonucleotide 

1.1.1 Introducing 
KASpOD

1.1.2 Probe Design 
Parameters Using KASpOD

Probe Design Strategies for Oligonucleotide Microarrays
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length (between 18 and 31 nucleotides) as well as the edit distance 
to perform both coverage and specificity assessments. The edit dis-
tance is defined as the upper limit of tolerated differences (gaps 
and/or mismatches) between the probe and its target (or non- 
target). For a classical POA design we suggest 25 mers probes and 
an edit distance threshold set to 2. KASpOD is also not restricted 
to construct POAs and can be used to design probes for other 
microarrays (WGAs or FGAs).

Once the probe design is completed, KASpOD provides a down-
loadable CSV file containing the results. Each row represents a 
candidate probe and the columns correspond to: probe sequence, 
number of sequences in the target group, start position, end posi-
tion, coverage (%), number of sequences in the non-target group, 
and the number of cross-hybridizations. Start and end positions 
are given for guidance since they are only defined according to the 
probe’s best match in the target group.

High-density oligonucleotide functional gene arrays (FGAs) pro-
vide the best high-throughput molecular tools to access the tre-
mendous functional diversity of ecosystems [18]. Although most 
tools are limited to the determination of probes that target specific 

1.1.3 Probe Design 
Results Using KASpOD

1.2 Functional Gene 
Arrays (FGAs)

Fig. 1 Overview of the KASpOD algorithm

Nicolas Parisot et al.
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gene sequences within a single genome dataset, few strategies offer 
the opportunity to design probes that permit broad coverage of 
multiple sequence variants for a given gene family [6, 19] (Table 1).

The HiSpOD (High Specific Oligo Design) program was devel-
oped [3] in this context of microbial ecology. HiSpOD (Fig. 2) 
allows the design of both gene-specific and sequence-specific 
probes. Gene-specific probes are computed using consensus 
sequences obtained after multiple alignments of several nucleic 
sequences belonging to the same gene family. All combinations 
deduced from the degenerate probes are then divided into regular 
probes for sequences available in databases, and explorative probes 
that represent putative new genetic signatures that do not corre-
spond to any previously described sequence. On the other hand, 
sequence-specific probes can also be designed through HiSpOD 
by using nondegenerate nucleic acid sequences corresponding to 
a unique gene.

1.2.1 Introducing 
HiSpOD

Fig. 2 Overview of the HiSpOD program workflow

Probe Design Strategies for Oligonucleotide Microarrays
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To limit cross-hybridizations, the specificity of all selected 
probes is checked against a large formatted database dedicated to 
microbial communities, i.e., the EnvExBase (Environmental 
Expressed sequences dataBase), which is composed of 13,697,580 
coding DNA sequences (CDSs) from the prokaryotic (PRO), fun-
gal (FUN), and environmental (ENV) taxonomic divisions of the 
EMBL databank.

Unlike KASpOD, the HiSpOD program only needs a single input 
FASTA file containing at least one sequence. This file may be either 
degenerate or nondegenerate sequences. Thus, the user can submit 
(a) consensus sequences obtained after multiple alignments of 
nucleic sequences, or (b) separate nondegenerate nucleic sequences.

HiSpOD offers the classical parameters for the design of effec-
tive probes, including probe length, melting temperature, and 
complexity, and adds supplemental properties that were not con-
sidered by previous programs. Indeed the HiSpOD program per-
forms specificity tests using the software called BLAST [20] with 
an expectation value defined by the user. The identity percentage 
threshold and the maximal continuous stretch of nucleotides 
between the probe and a non-target sequence to detect putative 
cross-hybridizations are also user-defined parameters. In order to 
facilitate probe selection, cross-hybridization results are then clus-
tered using a single-linkage method implemented in BLASTCLUST 
[20]. The user can also define the clustering identity percentage 
and length thresholds.

For each sequence given in the submitted input FASTA file, two 
result files will be generated through HiSpOD: a .probes file pro-
viding the designed probes in FASTA format, and a .result file that 
summarizes the design results. The second file contains the probe 
sequence, its position on the sequence, and the clustered cross- 
hybridization results.

2 Materials

Both KASpOD and HiSpOD algorithms are provided through a 
web service, and a computer that can access the internet is  therefore 
needed. There are requirements for the input files listed below 
(see Note 1).

 1. A FASTA file containing the targeted nucleic sequences (e.g., 
the 16S rDNA sequence of the Borrelia genus).

 2. A FASTA file containing the non-targeted nucleic sequences 
(e.g., the 16S rDNA sequence of all the Spirochaetes phylum 
except Borrelia) (see Note 2).

1.2.2 Probe Design 
Parameters Using HiSpOD

1.2.3 Probe Design 
Results Using HiSpOD

2.1 KASpOD 
Requirements

Nicolas Parisot et al.
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A FASTA file containing (a) a consensus nucleic sequence for a 
gene-specific design or (b) several nondegenerate nucleic sequences 
for a sequence-specific design (see Note 3).

 1. According to the IUPAC nomenclature, the allowed charac-
ters in the DNA sequence are: A, C, G, T, R, Y, M, K, W, S, B, 
D, H, V, and N (e.g., Y = {C,T}, H = {A,T,C}, and 
N = {A,C,G,T}).

 2. HiSpOD specificity tests are performed against a comprehen-
sive CDS database; users are therefore recommended to use 
CDSs as input for the probe design.

 3. Consensus sequences can be obtained using the following 
strategy:

●● Multiple sequence alignment using tools such as ClustalW2 
[21] or Muscle [22].

●● Consensus creation using stand-alone software such as 
Seaview [23], or web services (e.g., Consensus Maker 
h t tp ://www.h i v. l an l . gov/conten t/sequence/
CONSENSUS/consensus.html) or custom scripts.

3 Methods

This section summarizes the steps the user has to go through to 
perform a group-specific probe design using KASpOD.

 1. Connect to the KASpOD web service by going to the KASpOD 
website: http://g2im.u-clermont1.fr/kaspod. Create an 
account (“Create account” tab on the left menu) or log in 
using your login and password information.

 2. Start a new probe design job by clicking on the “New Job” tab 
on the left menu.

 3. Select input files (see Note 4) by (a) selecting the target 
sequences file in FASTA format using the “Browse” button, 
and (b) browsing the non-target sequences file in FASTA for-
mat using the “Browse” button.

 4. Customize probe design parameters (Fig. 3).
(a) Set the oligonucleotide length from 18 to 31 nucleotides 

(see Note 5) [Default: 25].
(b) Input the Edit distance by setting the maximal number of 

differences (mismatches/gaps) allowed between the 
probe and its target or non-target [Default: 2].

 5. Launch the probe design query by pressing the “Launch” 
button.

2.2 HiSpOD 
Requirements

3.1 How to Design 
Group-Specific Probes 
Using KASpOD

Probe Design Strategies for Oligonucleotide Microarrays
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 6. Wait for the server to finish processing the query. The status of 
the processing can be seen by clicking on the “Running jobs” 
tab on the left menu. Job status could be: “running” if the job 
is currently running on a CPU node, “queue” that means that 
the job will be launched as soon as a CPU node is free, or 
“waiting” if the job has not been submitted yet to the queue 
management system. The computation times range from hours 
to days depending on the size of both the target and the non- 
target sequences files (see Note 6).

 7. Once the processing has completed, the job will appear in the 
“Old jobs” tab with a “done” status (Fig. 4). Otherwise, if the 
probe design encountered an error, the status will be “failed”.

To download the results, click on the “Old jobs” tab on the 
left menu. Then, click on the green arrow to download the .csv 
result file.

 8. Load the data file. Double-click on the downloaded file to 
open it in a spreadsheet program such as Excel. The table can 
be sorted by decreasing coverage to help the selection of the 
best probes. We strongly recommend the users to select mul-
tiple probes per group in order to avoid misleading interpreta-
tion of hybridization data (e.g., cross-hybridizations, secondary 
structures, etc.)

Fig. 3 Screenshot of the KASpOD “new design” tab

Nicolas Parisot et al.
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This section summarizes the different steps to perform a probe 
design for a gene that codes a protein using HiSpOD.

 1. Connect to the HiSpOD web service. Go to the HiSpOD 
website: http://g2im.u-clermont1.fr/hispod/ and create an 
account (“Create Account” tab on the left menu) or log in 
using your login and password information.

 2. Start a new probe design job by clicking on the “New design” 
tab on the left menu.

 3. Customize “oligonucleotide generation” parameters (Fig. 5).
 (a) Oligonucleotide length: Set the probe length from 18 to 

120 nucleotides in the first box [Default: 50 nucleotides].
 (b) Melting temperature (Tm) range: Set the Tm range (in °C) 

in the next two boxes. Melting temperature is computed 
using the following formula in which [Na+] is fixed by 
default at 0.5 M, where w, x, y, and z are the number of 
bases A, T, G, and C, respectively:

 

Tm = + ´ + ´ + + + + + ´+79 8 18 5 58 4 11 810. . log ([ ]) . ( ) / ( ) .Na yG zC wA xT yG zC (( )

/ ( ) / ( )

yG zC

wA xT yG zC wA xT yG zC

+
+ + + - + + +

2

920

[Default: 64–79 °C].

3.2 How to Define 
Protein-Coding 
Gene-Specific Probes 
Using HiSpOD

Fig. 4 Screenshot of the KASpOD “old jobs” tab

Probe Design Strategies for Oligonucleotide Microarrays
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 (c) Complexity: click on the checkbox to set the complexity 
as the maximal number of successive identical nucleotides 
allowed in the candidate probes (from zero to the probe 
length). For instance, for a low-complexity oligonucle-
otide: “AGATGCAAAAAAAAAAGCTGACGTA”, the 
complexity is 10. [Default: 10].

 (d) Degeneracy: Click on the checkbox to set the maximal 
degeneracy for the candidate probe to a value from 1 to 32. 
For example, the following probe “GATGATYCGTA 
HGTAGCTANCTGAC” contains three degenerate oli-
gonucleotides according to the IUPAC code. The degen-
eracy of this probe is therefore equal to 2 × 3 × 4 = 24 
[Default: 1].

 4. Customize “Similarity search and cross-hybridization” 
parameters.

Fig. 5 Screenshot of the HiSpOD “new design” tab

Nicolas Parisot et al.
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 (a) Expectation value: Set the expectation value threshold for 
the specificity test using BLAST (from 0 to 40,000) 
[Default: 1000].

 (b) Identity threshold: Set the minimal percentage identity 
threshold between the probe and a target to consider a 
cross- hybridization (from 0 to 100) [Default: 75 %].

 (c) Identical nucleotide stretch: Set the minimal number of 
successive identical nucleotides between the probe and a 
target to consider a cross-hybridization (from 0 to probe 
length) [Default: 15 nucleotides]. Kane and colleagues 
[24] showed that for a given oligonucleotide any non-tar-
get sequence harboring at least 75 % identity over 50 nucle-
otides or sharing at least 15 contiguous identical bases will 
contribute to the overall signal intensity and may therefore 
lead to misleading interpretation of hybridization data.

 5. Customize “Cross-hybridization” results.
 (a) Cluster similarity threshold: Set the percentage identity 

threshold to cluster cross-hybridizing sequences (from 0 
to 100). [Default: 90 %].

 (b) Cluster length threshold: Click on the checkbox to set the 
sequence length threshold to cluster cross-hybridizing 
sequences (from 0 to 100). A value of 0 corresponds to a 
clustering without taking into account the sequence 
length. A value of 90 will allow clustering sequences that 
met the percentage identity threshold over an area cover-
ing 90 % of the length of each sequence [Default: 0].

 6. Select input file (see Note 7) by browsing the target sequences 
file in FASTA format using the “Browse” button.

 7. Launch the design query by pressing the “Submit” button. 
Verify your design parameters, and then click on the “Launch 
HiSpOD” button.

 8. Wait for the server to finish processing the query. The status of 
the processing job can be seen by clicking on the “Old results” 
tab on the left menu. The run time for a nondegenerate single 
sequence (e.g., about 1000 nucleotides) is a few hours. An 
increasing number of sequences and degeneracy may lead to a 
computation time of over a few days.

 9. Download the results. Once the processing job has completed, 
it will appear in the “Old results” tab with a “done” status.
 (a) Click on the “Old results” tab on the left menu.
 (b) Click on the “Download” link next to your job.
 (c) Click on the “Download all” link at the bottom of the page 

to retrieve all the files in a compressed archive (.tar.gz exten-
sion). The user may also right-click and select “Save the 
target as…” on each file you want to download.

Probe Design Strategies for Oligonucleotide Microarrays
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 10. Load the data file. Double-click on the downloaded .result file 
to open it in a text editor. Results are sorted by decreasing 
number of cross-hybridizations. We strongly recommend the 
users to select multiple probes per group to test in order to 
avoid misleading interpretation of hybridization data (e.g., 
cross-hybridizations, secondary structures, etc.). The position 
field of the result file allows the users to select probes from dif-
ferent regions of the gene.

4 Notes

 1. Problems related to input data: The most common source of 
problems with running KASpOD or HiSpOD is problems with 
input data. Make sure that the data is in FASTA formatted 
plain text files. Notice that the file must be a text-only file, 
either a .txt or .fasta file for instance (an otherwise correctly 
formatted FASTA file within a MS-Word document will NOT 
work). NO .doc, .docx, .pdf, .rtf or .odt extensions allowed.

 2. For the KASpOD program, make sure that the first file con-
tains only the targeted sequences. The second file should con-
tain only the non-targeted sequences. The presence of the 
same sequence in both files will lead to misleading probe design 
results.

 3. For the HiSpOD program, please make sure that the input file 
contains the sequences of the genes which should be targeted. 
Submitting a file with a single large DNA sequence represent-
ing an entire microbial genome will not work (for comments 
on how to design a chromosomal tiling array see Ref. 25).

 4. Large datasets problems. The web service is not dedicated to 
very large datasets.

Input files size is limited to 16 MB for the KASpOD pro-
gram. Since the KASpOD web service is not suitable for large 
datasets, a stand-alone version of KASpOD is available for 
download (64-bits GNU/Linux version). Registered users can 
download it through the “About” tab on the left menu.

 5. Make sure that the input sequences are of a sufficient length. 
Entries that are shorter than the minimum probe length will be 
discarded.

 6. Computations are distributed on a cluster (135 CPUs) and 
each job cannot be processed more than 30 days.

 7. The web service is not dedicated to very large datasets. Input 
files size is limited to 2 MB for HiSpOD.

Nicolas Parisot et al.
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    Chapter 7   

 Analyzing Illumina Gene Expression Microarray 
Data Obtained From Human Whole Blood Cell 
and Blood Monocyte Samples       

     Alexander     Teumer     ,     Claudia     Schurmann    ,     Arne     Schillert    , 
    Katharina     Schramm    ,     Andreas     Ziegler    , and     Holger     Prokisch     

  Abstract 

   Microarray profi ling of gene expression is widely applied to studies in molecular biology and functional 
genomics. Experimental and technical variations make not only the statistical analysis of single studies but 
also meta-analyses of different studies very challenging. Here, we describe the analytical steps required to 
substantially reduce the variations of gene expression data without affecting true effect sizes. A software 
pipeline has been established using gene expression data from a total of 3358 whole blood cell and blood 
monocyte samples, all from three German population-based cohorts, measured on the Illumina 
HumanHT-12 v3 BeadChip array. In summary, adjustment for a few selected technical factors greatly 
improved reliability of gene expression analyses. Such adjustments are particularly required for meta- 
analyses of different studies.  

  Key words     Gene expression analysis  ,    Transcriptomics    ,   Human whole blood cells  ,   Human monocytes  , 
   Microarray    ,   ILLUMINA HumanHT-12  ,   BeadChip  

1      Introduction 

 Global gene expression studies are widely conducted for research 
in molecular biology and functional genomics [ 1 ]. These studies 
have successfully provided new insights into the etiology of com-
mon diseases [ 2 ]. Although gene expression studies have been suc-
cessfully applied to a wide range of clinical issues, these studies are 
often criticized for low robustness and lack of reproducibility 
[ 3 ,  4 ]. Other concerns include improper statistical analysis or valida-
tion, insuffi cient control of false positives, and inadequate report-
ing of methods [ 1 ]. 

 When the results of multiple independent gene expression 
studies are available, the combined analysis or even a meta-analysis 
of the data can increase their reliability and generalizability [ 1 ]. 
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However, meta-analyses of global gene expression studies remain 
challenging, which include problems that are common to tradi-
tional meta-analyses [ 5 ] such as differences in study design as well 
as concerns that are specifi c for analyzing gene expression data [ 1 , 
 6 ]. One of the latter concerns is related to the technology used. 
Specifi cally, different types of microarrays vary in several important 
aspects, such as length of probes, range of probes’ measurement 
values or coeffi cients of variation [ 1 ,  6 ], and therefore cross- 
platform comparisons are diffi cult to perform. 

 Even if several independent studies use the same microarray 
technology, there may be study-specifi c variations, originating from 
differences in experimental procedures, laboratory protocols, sample 
preparation [ 1 ,  6 ], or the type of tissue samples used [ 7 ]. In addi-
tion, different preprocessing of the data as well as batch effects (e.g., 
due to grouping of samples being processed) may lead to differences 
in measured gene expression values in large sample size studies. 

 Here, we describe the analytical steps to process gene expres-
sion data in terms of mRNA abundances measured on the Illumina 
HumanHT-12 v3 BeadChip array to circumvent the problems 
mentioned. First, we compared the log 2  transformation of intensity 
values [ 8 ] with the recently proposed variance-stabilizing transfor-
mation (VST) [ 9 ]. It turned out that both methods are valid, but 
the commonly applied log 2  transformation was simpler to imple-
ment. Next, we searched for main factors correlating with the over-
all expression values. Since intra-study variation is often corrected 
for by adjusting for the eigen-genes of the study obtained by a prin-
cipal component analysis [ 10 ,  11 ], we analyzed the correlation 
between the eigen-genes and technical as well as biological factors. 
Our data demonstrate that the variation of gene expression signal 
intensities can be reduced by appropriate technical covariate adjust-
ment. Previously, doubts have been raised about the suitability of 
using probes containing single nucleotide polymorphisms (SNPs) 
in gene expression studies [ 11 ]. We therefore investigated to what 
extent the signal intensities were affected by mismatch alleles of 
SNPs within probes. In summary, we propose the adjustment for 
selected technical covariates minimizing the technical variation of 
gene expression data without affecting true effect sizes, thus reduc-
ing the number of false negatives in the association results. 

 Analytical steps implemented into a software pipeline have 
been established using gene expression data from a total of 3358 
whole blood cell and blood monocyte samples, from three 
German population-based cohorts, i.e., the Study of Health in 
Pomerania (SHIP-TREND) [ 12 ], the Cooperative Health 
Research in the Region of Augsburg (KORA) [ 13 ], and the 
Gutenberg Health Study (GHS) [ 14 ]. These three cohorts are 
part of the MetaXpress (Meta-Analysis of Gene Expression) 
Consortium within the German Center for Cardiovascular 
Disease (DZHK). For details regarding the analyses that led to 
this software pipeline, see Ref.  15 .  

Alexander Teumer et al.
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2    Materials 

 Perform sample preparation and mRNA array hybridization 
according to manufacturer’s guidelines. An example is given below. 
This project was conducted using fasting samples only. The work-
fl ow for processing samples from whole blood cells and monocytes 
is shown in Fig.  1 .

         1.    PAXgene tubes (BD, Heidelberg, Germany).   
   2.    PAXgene Blood miRNA Kit (Qiagen, Hilden, Germany). The 

kit is designed for the purifi cation of total RNA longer than 
~18 nucleotides.   

   3.    QIAcube (Qiagen).   
   4.    NanoDrop ND-1000 UV-Vis Spectrophotometer (Thermo 

Scientifi c, Hennigsdorf, Germany).   
   5.    2100 Bioanalyzer and RNA 6000 Nano Lab Chips (both from 

Agilent Technologies, Santa Clara, CA, USA).      

       1.    96-well plates.   
   2.    Illumina TotalPrep-96 RNA  Amplifi cation   Kit (Ambion, 

Darmstadt, Germany).   
   3.    biotin-UTP.   
   4.    HumanHT-12 v3 Expression BeadChip array (Illumina, San 

Diego, USA).   
   5.    Illumina Bead Array Reader.      

2.1   RNA Isolation   
and  Quality Control  

2.2   Amplifi cation  , 
Labeling, 
and  Hybridization  

  Fig. 1    Workfl ow—from blood sampling to measured mRNA intensities for whole blood cells and monocytes. 
( a ) From  left  to  right : Whole blood was taken and stored in PAXgene tubes until all blood samples had been 
collected. The processing continued with isolation of RNA from whole blood. ( b ) Monocytes were separated 
from whole blood and RNA was isolated from monocytes within 24 h after blood sampling; subsequently the 
isolated RNA samples were stored until all RNA samples had been collected. The samples were processed in 
96-well plates both after isolation and amplifi cation of the RNA. The corresponding plate layouts were called 
( a )  RNA isolation batch  and ( b )  RNA amplifi cation batch . Finally, the RNA was hybridized and the arrays were 
scanned, and the expression data was processed and analyzed (reproduced from Ref.  15  with permission from 
Creative Commons Attribution (CC BY) license)       
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       1.    Illumina’s GenomeStudio software and the Gene Expression 
Module. To install the software, a PC with Windows XP/
Vista/7 64-bit, at least 8 GB RAM and a 100 GB hard drive is 
required.   

   2.    R statistics software [ 16 ] including the lumi package [ 8 ] is 
open-source software that can be obtained from Bioconductor 
(  http://www.bioconductor.org    ).       

3    Methods 

       1.    Collect and store whole blood samples in PAXgene tubes at 
−80 °C until processing. Use the PAXgene Blood miRNA Kit 
to isolate RNA. This isolation can be achieved manually or by 
using a QIAcube for automated isolation according to proto-
cols provided by the manufacturer. Alternatively, isolate RNA 
from monocytes within 24 h after blood sampling to ensure 
rapid sample processing. Separate monocytes from whole 
blood and prepare RNA as previously described [ 14 ].   

   2.    Determine purity and concentration of RNA using the 
NanoDrop Spectrophotometer.   

   3.    Ensure a consistently high RNA quality by analyzing all prepa-
rations using a 2100 Bioanalyzer and RNA 6000 Nano Lab 
Chips according to the manufacturer’s instructions. As quality 
control, exclude samples exhibiting a RNA integrity number 
(RIN) less than seven from further analyses.      

       1.    Process RNA samples in 96-well plates and reverse transcribe 
500 ng of RNA into cRNA (200 ng in case of monocyte sam-
ples) using the Illumina TotalPrep-96 RNA  Amplifi cation   Kit, 
thereby labeling the cDNA with biotin-UTP ( see   Note 1 ).   

   2.    Hybridize 3000 ng of labeled cRNA (700 ng in case of mono-
cyte samples) to the Illumina HumanHT-12 v3 Expression 
BeadChip array, and subsequently perform washing steps as 
described in the Illumina protocol.   

   3.    Scan the BeadChips using the Illumina Bead Array Reader.      

       1.    Install the Illumina’s GenomeStudio software and the Gene 
Expression Module on a PC. For using alternative open-source 
software ( see   Note 2 ).   

   2.    Install R statistics software including the lumi package from 
Bioconductor (  http://www.bioconductor.org/    ) for subse-
quent data normalization, data analysis, and association 
testing.      

2.3  Preparation 
of  Data Analysis  

3.1   RNA Isolation   
and  Quality Control  

3.2   Amplifi cation  , 
Labeling, 
and  Hybridization  

3.3  Preparation 
of  Data Analysis  

Alexander Teumer et al.
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       1.    In GenomeStudio, create a new project. Import the scanned 
microarray data.   

   2.    Perform imputation which replaces missing values using the 
default setting of the Gene Expression Module. There should 
be less than ten of the 48,000 probes per array that need to be 
imputed.   

   3.    For quality control, exclude samples with less than 6000 sig-
nifi cantly detected probes (detection  p -value <0.01).   

   4.    Export the sample-probe profi le of the gene expression data as 
fi nal report (including the average signal intensity, bead stan-
dard error, number of beads, and detection p-value). For fur-
ther analysis, such as normalization and association, load this 
data into the R statistics software ( see   Note 2 ).      

   If not stated otherwise, all steps in this subsection are performed 
using the R statistical software.

    1.    Perform quantile normalization on the gene expression data 
for each microarray, e.g., by using the lumi package.   

   2.    Perform a log transformation to base two (log2 transformation) 
on the normalized data. This step can also be accomplished 
using the lumi package. Variance-stabilizing transformation 
(VST) can be used as an alternative transformation ( see   Note 3  
and Fig.  2 ).

       3.    Estimate the sex of the samples by performing a principal com-
ponent analysis on the gene expression intensities of the probes 
that have DNA sequences located on the X and Y chromo-
somes (Fig.  3 ).

       4.    Exclude samples that have a mismatch between the estimated 
gender and the reported (true) gender.   

   5.    Save the processed data as RData or a text fi le ( see   Note 4 ) with 
probe names as rownames and sample IDs as columnnames. Set 
the Illumina Array_Address_Id as the probe identifi er.   

   6.    Other than Array_Address_Id, the Nucleotide Universal 
Identifi er (nuID) could be used ( see   Note 5 ).   

   7.    Use the saved log 2  transformed gene expression data for subse-
quent association analyses. This data has been stored in a text 
table having each probe (gene) in rows and the samples in col-
umns ( see   Note 6 ).      

       1.    Select the following covariates that should be included in every 
analysis to reduce variations due to sample processing: (a) 
 RNA amplifi cation batch  (each 96-well plate on which the 
samples were processed together for RNA amplifi cation 
and labeling) ( see   Note 7 ), (b) RNA Integrity number ( RIN)  

3.4   Quality Control   
and  Data Exporting  

3.5   Data 
Normalization   
and Transformation

3.6  Covariate 
and Phenotype 
Selection
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( see   Note 8 ), and (c) sample  storage time  (for whole blood 
samples, this is the time between blood donation and RNA 
isolation; for monocyte samples, this is the time between RNA 
isolation and RNA amplifi cation; they usually range from sev-
eral months to a few years). However, the proportion of tech-
nical variation explained by each of these covariates ( see   Note 
9 ) may vary in case a different sample processing workfl ow was 
applied in a study.   

   2.    Select the phenotype.   
   3.    Select additional covariates for the analysis depending on the 

specifi c analytical question ( see   Note 10 ).      

  Fig. 2    Log 2  transformation (L2T) versus variance-stabilizing transformation (VST): 
comparison of mean expression values. The mean VST gene expression values 
( y -axis) are plotted against the mean L2T expression values ( x -axis) for each 
probe. If all probes would have the same mean expression value in both trans-
formation methods, all  dots  ( dark line ) would be located on the  light diagonal 
line . The mean expression values of L2T probe intensities were highly correlated 
with the mean expression values of VST probe intensities for probes with mean 
expression values greater than 2 9 . This correlation was recognizably smaller for 
probes with lower mean expression values (reproduced from Ref.  15  with per-
mission from Creative Commons Attribution (CC BY) license)       
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       1.    Select the appropriate association model for analysis. The cor-
rect model depends on several factors, like the type of data 
need to be analyzed (i.e., the number of repeated measure-
ment per sample) and the sample structure (i.e., possible relat-
edness) ( see   Note 11 ).   

3.7   Association 
Analysis  

  Fig. 3    Principal Component Analysis (PCA) based on allosomal probes for sex determination. ( a ) and ( b ) repre-
sent the PCA using the unadjusted intensities and ( c ) and ( d ) represent the PCA using the intensity values 
adjusted for technical variables. The fi rst two eigenvectors (PCs) of the PCA shown are based on the normal-
ized linear intensity values of the X- and Y-chromosomal probes ( a  and  c ) and Y-chromosomal probes only ( b  
and  d ). The  rose  and  light green  colored data points represent the true gender of female and male individuals, 
respectively. The percentage of variance in the probe’s gene expression values explained by the corresponding 
PC is displayed in  brackets . PC1 separates the male from female samples after adjusting for technical covari-
ates (PC2 using unadjusted data). In this example, no mismatches between estimated and reported gender 
occurred. (Reproduced from Schurmann, C (2013) Analysis and Integration of Complex Omics Data of the SHIP 
Study, Ph.D. thesis with permission from the author)       

 

Analyzing Illumina Gene Expression Microarray Data Obtained From Human Whole…



92

   2.    For linear regression, include the  RIN  and  storage time  as fi xed 
effects. Include the  RNA amplifi cation batch  as a factor: 
dichotomize the n different values of the  RNA amplifi cation 
batch  to n-1 dummy variables using one selected value as the 
reference category and add these dummy categories as fi xed 
effects to the model (i.e., using the “as.factor()” function in R) 
( see   Note 12 ).   

   3.    For each probe, regress the normalized log 2  transformed gene 
expression values on the covariates and the phenotype ( see  
 Note 13 ). The association results obtained using the VST are 
comparable ( see   Note 3  and Fig.  4 ).

4            Notes 

     1.    Carefully select the samples placed on a 96-well plate for ampli-
fi cation and labeling to be able to correct for the  RNA ampli-
fi cation batch  without concurrently correcting for the analyzed 
phenotype. Each treatment category and sample group (i.e., 
males and females, diabetics and nondiabetics, normal weight 
and obese individuals, or age groups) should be equally dis-
tributed over several 96-well plates. This is particularly impor-
tant when preparing gene expression arrays of population-based 
cohorts whereas the specifi c parameter for analysis is not 
defi ned at time of array preparation and will be selected 
afterwards.   

  Fig. 4    Association results of log 2  transformation (L2T) versus variance-stabilizing transformation (VST). The 
panels show the association results for a simulated phenotype without true associations ( a–c ) and for body 
mass index (BMI) ( d–f ) on each mRNA probe adjusted for sex, age,  RNA amplifi cation batch ,  RNA integrity 
number  ( RIN ), and the sample  storage time  based on L2T expression values ( x -axis) and on VST values ( y -axis). 
The association results in the  upper panels  ( a, d ) show the per unit phenotype increase of the transformed 
expression values (betas), the  middle panels  ( b, e ) show the standard errors of the betas (SEs), and the  lower 
panels  ( c, f ) show the negative log 10  association  p -values. The values on the axis represent the values of the 
betas, SEs, and  p -values, respectively. The corresponding squared Pearson product-moment correlation coef-
fi cient (R 2 ) between the plotted values is given in the  upper right corner  of each plot. Each  dot  represents a 
probe and is  colored  according to its mean L2T expression value from all samples. The  color code  is given in 
the legend located in the  lower right corner  of each plot, whereas the values from 6 to 15 represent the probes’ 
log 2  expression values associated with the color. Although betas and SEs differ between both transformations, 
the association  p -values are highly correlated (reproduced from Ref.  15  with permission from Creative 
Commons Attribution (CC BY) license)       
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   2.    An alternative to exporting the complex fi nal reports created 
from GenomeStudio is to solely export the measured gene 
expression intensities to other software. Additionally, to cir-
cumvent the use of the GenomeStudio software, the Illumina 
raw data fi les (*.idat) can be imported into R using the illumi-
naio package [ 17 ]. Array data at bead level can be imported 
using the beadarray package [ 18 ].   

   3.    Instead of using the log 2  transformation of gene expression 
data, alternative methods like variance-stabilizing transforma-
tion (VST) were proposed [ 9 ] (Fig.  2 ). With respect to asso-
ciation results, both methods differ slightly regarding the 
effect estimates and their standard errors of low expressed 
probes. However, p-values of the association are virtually the 
same (Fig.  4 ).   

   4.    Storing microarray data in RData format, instead of a text table, 
saves a substantial amount of disk space and processing time.   

   5.    Alternatively to the Array_Address_Id as the probe identifi er, 
the Nucleotide Universal Identifi er (nuID) could be used [ 19 ] 
in theory. The nuID is unique for each probe’s sequence and 
can be used to identify the same probe sequences across differ-
ent gene expression array types. However, a duplicate nuID 
due to duplicate probe sequences was found on the Illumina 
HumanHT-12 v3 array. These probes could still be distin-
guished by their corresponding Array_Address_Id.   

   6.    Some remarks on the data import if analyses are performed in 
R. Since the Array_Address_Id is coded by a number on the 
Illumina HumanHT-12 array, leading zeros may be omitted 
depending on the software used. This can lead to problems 
when joining different data sources (i.e., regression results) 
with gene annotation tables. When reading the Illumina gene 
annotation fi le, the parameters  quote = "", comment.char = ""  
should be added to the “read.table()” function to avoid prob-
lems with respect to the gene description columns. The param-
eter  check.names = F  added to the “read.table()” function can 
be useful to avoid automatically re-naming of the column 
names. This is particularly the case when importing the gene 
expression table in text format whereas the sample names start 
with a number or contain underscores, minus signs, etc. If 
using this parameter, the user has to ensure uniqueness of the 
column names and avoid problematic characters like 
whitespaces in the sample identifi ers.   

   7.    The  Illumina chip , which comprises 12 arrays, had the largest 
infl uence on the variation of gene expression values. However, 
adjustment for the  Illumina chip  often led to analytical prob-
lems regarding the regression model, whereas most of the 
chip’s variation was accounted by the  RNA amplifi cation 
batch . Furthermore, the parameter  RNA isolation batch  
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( performed on 96-well plates) had a large effect on the gene 
expression variation. However, since the same group of sam-
ples were also processed together in the  RNA amplifi cation 
batch , adjustment for the latter factor corrected also for the 
 RNA isolation batch  in our workfl ow.   

   8.    The infl uence of the  RIN  on the variation of gene expression 
values is comparably small [ 15 ]. This might seem surprising, 
but is most probably due to the fact that samples with degraded 
mRNA (RIN < 7) were excluded from the study and not fur-
ther processed.   

   9.    Although additional adjustment for the technical parameters 
 signal-to-noise ratio  or the  number of detected genes  reduced the 
variation of the expression data, both parameters are correlated 
with clinical endpoints, e.g., body mass index (BMI) which 
might therefore falsify the association results.   

   10.    Although the specifi c covariates included in the association 
analysis are project-dependent, adjustment for sex, age, BMI, 
and blood cell composition parameters (where applicable) will 
reduce phenotypic variance and confounding effects, thus 
decreasing the number of false positive and false negative asso-
ciation results. Blood cell composition parameters include the 
white and red blood cell counts, platelets, and hematocrit, as 
well as the percentage of the following white blood cell types: 
lymphocytes, neutrophils, monocytes, basophils, lymphocytes, 
and eosinophils.   

   11.    Most of the technical variation can be removed by adjusting 
for the eigenvectors (EVs), the so-called eigen-genes [ 20 ], 
obtained from a principal component analysis on the sample’s 
expression profi les. However, since the EVs also correlate with 
many phenotypes and thus diminish true association, this type 
of adjustment is only suitable for a few traits of interest, like 
eQTL analyses. Adjustment for the fi rst 40 to 50 EVs performs 
well in this case [ 15 ,  21 ].   

   12.    Adding the  RNA amplifi cation batch  as a random factor to a 
mixed effect association model did not change the results 
markedly compared to the proposed factor adjustment.   

   13.    For SNPs located within probes, the number of transcripts 
associated with decreased expression signal intensity per mis-
match allele of a  SNP   was signifi cantly higher than the number 
of transcripts associated with increased signal intensity [ 15 ]. 
Surprisingly, in almost 45 % of the associations a positive effect 
per mismatch allele on expression signal intensity was observed 
(Fig.  5 ). Additionally, taking the relatively small effects of these 
SNPs into account, it is most unlikely that these SNPs will lead 
to false positive associations with respect to the analyzed phe-
notype. However, special care should be taken when perform-
ing eQTL analyses.
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    Chapter 8   

 Microarray Technology and Its Applications for Detecting 
Plasma microRNA Biomarkers in Digestive Tract Cancers       

     Hirotaka     Konishi      ,     Daisuke     Ichikawa     ,     Tomohiro     Arita     , and     Eigo     Otsuji      

  Abstract 

   Many cancers are known to be regulated by microRNAs (miRNAs), and the relationships between tissue 
miRNA expression levels and the amounts of miRNA circulating in the plasma (or plasma miRNA) have 
been examined in many types of cancers, including digestive tract cancers. The role of plasma miRNAs has 
yet to be elucidated in detail; therefore a comprehensive analysis of plasma miRNAs using microarrays 
should assist in establishing the utility of liquid biopsy or companion diagnosis. We here described the 
3D-Gene ®  miRNA microarray (TORAY) currently used in our laboratory and introduced a trial applica-
tion in digestive tract cancer diagnosis.  

  Key words     miRNA microarray  ,   Plasma biomarker  ,   Digestive tract cancer  ,   Liquid biopsy  

1      Introduction 

 A study by Mitchell et al. [ 1 ] has reported detection of circulating 
microRNAs (or miRNAs), in the plasma of patients suffering from 
many diseases, including cancer. The high stability of plasma miR-
NAs has been attributed to their inclusion in small vesicles, such 
as exosomes [ 2 ], and their binding to proteins, such as Argonaute2 
(Ago2) or high-density lipoprotein (HDL) [ 3 ,  4 ]. However, the 
origin or role of plasma miRNAs remains unclear. Previous studies 
have assessed plasma miRNA as the biomarkers based on  PCR   or 
microarray methods, and so the use of plasma miRNAs as bio-
markers for the diagnosis or evaluation of progression of cancer is 
expected. 

 In order to comprehensively analyze plasma miRNAs, we have 
used the 3D-Gene ®  human microRNA microarray platform 
“3D-Gene ® ” with the Human miRNA 2- or 4-array chip series. 
This is an oligonucleotide microarray chip that has been designed 
for use in the expression profi ling of miRNAs, which are registered 
at the miRNA database called miRBase 19.0. This microarray plat-
form has some unique characteristics: (a) a chip substrate with a 
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characteristic morphology, the so-called minute columnar struc-
ture, (b) an agitation method using microbeads during the reac-
tion, as well as (c) a gene immobilization method by molecular 
control at the nano level [ 5 ,  6 ]. Moreover, the accompanying RNA 
extraction kit shows high effi cacy in extracting small amounts of 
RNA. In addition to its high reproducibility and quantitability, the 
microarray chip provides ultra-high sensitivity at the level of 0.1 
attomol (10 −19  mol). Furthermore, the procedure is easier and 
quicker than those of the conventional array systems. 

 The microarray system has exhibited very high sensitivity and 
is considered convenient. Gene expression profi ling can be per-
formed with 0.1 μg of total RNA without any amplifi cation, and 
is suitable for the examination of plasma with a minimal sample 
volume. 

 First, we detected candidate plasma miRNA biomarkers for 
gastric [ 7 ], esophageal [ 8 ], and pancreatic [ 9 ] cancer using  PCR   
methods. These methods examined miRNAs, which were previ-
ously correlated with each type of cancer tissue [ 10 ]. We then 
compared pre- and postoperative plasma samples from gastric can-
cer patients using 3D-Gene ®  miRNA microarray, and identifi ed 
two plasma miRNAs, miR-451 and miR-486, as novel plasma bio-
markers for gastric cancer [ 10 ,  11 ]. This application of the miRNA 
microarray had some benefi ts for our research. First, we were able 
to perform the comprehensive analysis of plasma miRNA, which 
correlated with only gastric cancer, except for the individual vari-
ability. Second, these two miRNAs were reported to be tumor- 
suppressive miRNAs for gastric cancer [ 12 ,  13 ]. These miRNAs 
could not be detected by PCR methods based on the oncogenic 
miRNAs of gastric cancer. Third, the increase in tumor-suppres-
sive miRNAs in the plasma of cancer patients may lead to a break-
through in studying the origin of plasma miRNAs. For instance, 
some plasma miRNAs may also be derived from normal tissue, not 
only from cancerous tissue, in patients with cancer. [ 11 ,  14 ]. 
Therefore, a comprehensive analysis of plasma miRNAs in cancer 
patients using a miRNA microarray may lead to not only the 
detection of novel biomarkers in plasma, the so-called liquid 
biopsy [ 15 ,  16 ], but also the elucidation of the role or origin of 
plasma miRNAs. 

 There are other applications of the miRNA microarray. We also 
studied and compared the miRNAs in plasma samples obtained 
from healthy volunteers as well as from gastric cancer patients after 
undergoing distal and total gastrectomy (Fig.  1 ). We also analyzed 
and compared a series of plasma samples obtained from  unresectable 
advanced gastric cancer patients who had received chemotherapy 
(Fig.  2 ). Alterations in plasma miRNAs between pre- and post-
chemotherapy may provide an important insight when these miR-
NAs are used as markers for prediction of chemotherapeutic 
effi cacy, the so-called companion diagnosis [ 17 – 19 ].
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  Fig. 1    Clustering analysis of plasma miRNA levels in patients who underwent distal gastrectomy ( DG ) or total 
gastrectomy ( TG ) and in healthy volunteers ( NC ). Plasma miRNA levels in DG or TG were compared with those 
in NC and alterations in miRNA level were indicated with a heat map. In this study, we assumed that miRNAs 
derived from normal gastric mucosa could be detected in plasma       

  Fig. 2    Clustering analysis of the expression of ( a ) tissue miRNAs and ( b ) plasma miRNA levels. Tissue and 
plasma samples were collected from a patient with advanced gastric cancer before and after chemotherapy. 
The expression or levels of miRNAs were indicated with a  heat map        
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2        Materials 

 Use nuclease-free distilled water and tips or tubes with low adsorp-
tion of RNAs; for example, siliconized products are recommended 
for all procedures. All reagents and products must be stored in the 
recommended manner until use. 

       1.    High effi cacy RNA extraction kit (“3D-Gene ® ” TORAY, 
Kamakura, Japan).   

   2.    Agilent 2100 Bioanalyzer (Agilent Technologies, Inc.).   
   3.    RNA LabChip ®  (Agilent).   
   4.    Micro-condensing centrifuge (PV-1200, Waken B Tech Co., 

Ltd.).   
   5.    Small-scale spectrophotometer (NanoDrop Technologies Inc.).      

       1.    microRNA Power labeling kit using the fl uorescent label Hy5 
(miRCURY LNA, 208030-A, Exiqon).   

   2.    Spike control for enzymatic labeling of miRNA (TRT-XR304, 
cryopreserved at −80 °C) ( see   Note 1 ).   

   3.     Calf intestine phosphatase  ( CIP )  master mix . Add 0.5 μL of 
CIP, 0.5 μL of CIP buffer, and 1.0 μL of miRNA spike control 
(1×) into a reaction tube for each sample ( see   Note 5 ).   

   4.     Labeling master mix . Add 3 μL of Labeling buffer, 1.5 μL of 
the fl uorescent label (Hy5), 2 μL of DMSO, and 2 μL of the 
Labeling enzyme into a reaction tube for each sample.   

   5.     Heating block    
   6.     Aspirator  (MDA-015, ULVAC, Inc.).      

       1.    Vortex mixer.   
   2.    Degasifi er.   
   3.    miRNA  Hybridization   Buffer Plus (refrigerated at 4 °C).   
   4.     Hybridization   buffer A (Block reagent) (refrigerated at 4 °C). 

These reagents are included in the microRNA Power label-
ing kit.   

   5.    Block reagent master mix. Mix 2.9 μL of nuclease-free water 
and 0.6 μL of  Hybridization   buffer A (Block reagent) in a reac-
tion tube for each sample.      

       1.    Human miRNA chip (“3D-Gene ® ” TORAY, Kamakura, 
Japan). The protocol in this study is designed for the 2-array 
format of the chip. More details can be found at the “3D-Gene ® ” 
website (  http://www.3d-gene.com    ).   

   2.    Cover seal (included in the “3D-Gene ® ” kit).   

2.1  Extraction 
of the RNA Sample

2.2  Labeling 
of miRNA

2.3  Preparation 
of  Hybridization   
Solution

2.4   Hybridization  
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   3.     Hybridization   chamber (3D-Gene ®  Hybridization chamber, 
TRT-XN005: TORAY).   

   4.    Shaker.   
   5.    Thermostated oven.      

       1.    20 × SSC solution.   
   2.    10 % SDS solution.   
   3.    Nuclease-free water.   
   4.    First washing solution.   
   5.    Second washing solution.   
   6.    Third washing solution.   
   7.    Staining rack.   
   8.    Centrifuge for spin-drying the platform slides.      

       1.     Microarray   fl uorescence scanner (e.g., a 3D-Gene ®  Scanner 
(TORAY Industries, Inc.) or other recommended scanners 
(ScanArray ®  Lite, Express, ExpressHT, PerkinElmer Japan 
Co., Ltd.)).   

   2.    Analysis software: CRBIO IIe ®  (Hitachi Software Engineering 
Co., Ltd.) and GenePix ®  4000B (Molecular Devices 
Corporation).       

3    Methods 

 All the processes described in this section are performed in 2 days 
(Fig.  3 ). The processes described in Subheadings  3.1 – 3.4  are per-
formed on day 1. The processes described in Subheadings  3.5  to 
 3.6  are then performed after almost 16 h on day 2.

   All the methods described in this section comprise the proto-
col for detecting high amounts of total RNA extracted from tissue 
samples. An accompanying high effi cacy RNA extraction kit 
(3D-Gene ®  RNA extraction reagent from a liquid sample kit) is 
suitable especially for the extraction of small amounts of RNA. 

        1.    Extract total RNA from a 300 μL plasma sample and elute it to 
25 μL of distilled water.   

   2.    The amount of RNA extracted from plasma, serum, or the 
other body fl uids should be adjusted to the appropriate con-
centration ( see   Note 2 ).   

   3.    Check if the extracted RNA sample is of suffi cient quality for the 
experiment by confi rming a peak at a nucleotide size of 20–30 
using capillary electrophoresis on the 2100 Bioanalyzer and 
RNA LabChip ® , in accordance with the company instructions.      

2.5  Washing After 
 Hybridization  

2.6  Measurement 
of  Fluorescence   
Intensity

3.1  Extraction 
of RNA Samples
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         1.    Dissolve the Hy5 fl uorescent label pellet in 29 μL of nuclease- 
free water.   

   2.    Dissolve and dilute the spike control for enzymatic labeling in 
110 μL of nuclease-free water ( see   Note 3 ). When used, a 5-μL 
aliquot of the spike control can be diluted.   

   3.    Transfer total RNA to a 1.5-mL tube and adjust to 250 ng/μL 
with nuclease-free water ( see   Note 2 ).   

   4.    Prepare the CIP master mix on ice to a total volume of 2 μL 
for each sample.   

   5.    Mix 2 μL of adjusted total RNA ( see   step 3 ) and 2 μL of the 
CIP master mix in a new reaction tube.   

   6.    Incubate this CIP reaction tube at 37 °C for 30 min ( see   Note 4 ).   
   7.    Incubate the tube at 95 °C for 5 min to terminate the reaction 

( see   Note 4 ).   
   8.    Place the tube on ice (at 4 °C) for about 2 min.   
   9.    Prepare the Labeling master mix on ice to a total volume of 

8.5 μL for each sample ( see   Note 5 ).   
   10.    Add this 8.5 μl of the Labeling master mix to the CIP reaction 

tube and the total volume is 12.5 μL.   
   11.    Incubate this tube at 16 °C for 1 h ( see   Note 6 ).   
   12.    Incubate this tube at 65 °C for 15 min to terminate the reac-

tion ( see   Note 6 ).   
   13.    Store the tube at 4 °C until hybridization.      

3.2  Labeling 
of miRNA

  Fig. 3    The time course of the 3D-Gene ®  miRNA microarray experiment       
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       1.    Bring the miRNA  Hybridization   Buffer Plus, Hybridization 
buffer A (Block reagent), and the 3D-Gene ®  chip to room 
temperature. Set the temperature of the heating block to 65 °C 
and thermostat of the shaker to 32 °C ( see   Note 8 ).   

   2.    Prepare the Block reagent master mix to a total volume of 3.5 
μL for each sample.   

   3.    Mix the labeled miRNA sample (12.5 μL) and 3.5 μL of the 
Block reagent master mix to a total volume of 16 μL in a 1.5- 
mL tube at 4 °C (on ice) with light shielding.   

   4.    Add 105 μL of miRNA  Hybridization   Buffer plus (65 °C) to 
the labeled miRNA sample in the tube. Avoid forming air bub-
bles during the mixing ( see   Note 9 ).   

   5.    Subject the hybridization solution in the tube to degasifi cation 
by a degasifi er below 0.01Mpa at room temperature for 20 min 
with light shielding ( see   Note 10 ).   

   6.    Incubate the degasifi ed solution in the tube on the heating 
block at 65 °C for 3 min.   

   7.    Centrifuge the tube at a maximum speed (15000× g) for 1 min 
at room temperature.   

   8.    Incubate the solution at 32 °C for at least 5 min until hybrid-
ization ( see   Note 11 ).      

        1.    Place the “3D-Gene ® ” Human miRNA chip on a fl at bench 
and slowly remove the two protective sheets from the cover.   

   2.    Add 110 μL (2-array format type) or 50 μL (4-array format 
type) of hybridization solution to the reaction chamber on the 
chip through the larger injection hole using a 200 μL micropi-
pettor ( see   Note 12 ).   

   3.    Wipe the surface with a cotton swab ( see   Note 13 ). Seal all 
injection holes with a cover seal and confi rm that it has adhered 
well.   

   4.    Mount the hybridization chamber on the shaker and put the 
miRNA array chips on the chamber.   

   5.    Place 15 μL of nuclease-free water into the recesses on both sides 
of the chamber to maintain optimum humidity ( see   Note 14 ).   

   6.    Seal the chamber and start shaking at 250 rpm, 32 °C for 16 h 
with light shielding ( see   Note 15 ).      

        1.    Prepare two batches of fi rst wash solutions, one batch of sec-
ond wash solution, and two batches of third wash solutions ( see  
 Note 16 ).   

   2.    Remove the miRNA array chip from the chamber. Put the chip 
in the fi rst wash solution at room temperature and carefully take 
off the cover and adhesive using a fl at forceps ( see   Note 17 ).   

3.3  Preparation 
of  Hybridization   
Solution ( see   Note 7)  

3.4   Hybridization  

3.5  Washing After 
 Hybridization  
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   3.    Promptly place the chip on the staining rack. Put the rack in 
the fi rst wash solution at 30 °C ( see   Note 16 ).   

   4.    Shake the staining rack in the fi rst wash solution for approxi-
mately 5 times in a vertical direction and approximately three 
times in a horizontal direction at 1-min intervals. Continue 
this shaking operation for 5 min (i.e., fi ve sets of shaking).   

   5.    Remove the staining rack from the fi rst wash solution and place 
it onto a paper towel to blot off the solution ( see   Note 18 ). Do 
not let the chip go dry ( see   Note 19 ).   

   6.    Place the staining rack into the second wash solution at 30 °C 
and perform washing in the same shaking manner as in  step 4  
for 10 min (i.e., ten sets of shaking).   

   7.    Remove the staining rack from the second wash solution and 
place it onto a paper towel to blot off the solution ( see  
 Note 18 ). Do not let the chip go dry ( see   Note 19 ).   

   8.    Place the staining rack into the third wash solution at room 
temperature and shake it in a horizontal direction approxi-
mately three times ( see   Note 20 ).   

   9.    Promptly remove the staining rack from the third wash solu-
tion at room temperature and blot off the solution with a paper 
towel. Place the staining rack into another third wash solution 
at 30 °C to continue shaking for 5 min (i.e., fi ve sets of shak-
ing) in the same manner as in  step 4  ( see   Note 20 ).   

   10.    Remove the chip from the staining rack and place it in a centri-
fuge with the spot surface facing down. Spin the chip for 
approximately 30 s to dry it.   

   11.    Shield the chip from the light and store it in a case until 
scanning.      

        1.    Perform measurements in accordance with the instruction 
manual provided with the DNA microarray scanner.   

   2.    Ensure that no dust or material remains on the chip substrate 
before scanning. If some debris remains, remove it by snapping 
the reverse side of the chip or carefully blowing it with an air 
spray.   

   3.    Chip scanning should be performed within 1 week of 
hybridization.       

4    Notes 

     1.    The solution of the spike control, which is the mixture at 500× 
concentration, is aliquoted into several tubes and cryopre-
served at −80 °C until use.   

   2.    If a small amount of total RNA is extracted, it is concentrated 
to a total volume of 5 μL using a condensing centrifuge. We 

3.6  Measurement 
of  Fluorescence   
Intensity
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use 2 μL of this for the microarray analysis. If a high amount of 
total RNA is extracted from tissue samples, the concentration 
must be measured by using NanoDrop and adjusted to 
250 ng/μL.   

   3.    When we use the spike control, a 5-μL aliquot is added to a 
1.5-mL tube followed by 495 μL of nuclease-free water to 
dilute the solution (the fi rst diluted solution: 100× concentra-
tion). Thereafter, add 4 μL of the fi rst diluted solution to a 
1.5-mL tube followed by 16 μL of nuclease-free water (the 
second diluted solution: 1× concentration). This 1× concen-
tration solution can be used for the microarray analysis.   

   4.    The processes described in  steps 6  and  7  of Subheading  3.2  
are performed using a heating block.   

   5.    The preparation step for the labeling master mix should be 
 performed as rapidly as possible in order to prevent the deacti-
vation of fl uorescent label, Hy5.   

   6.    The processes described in  steps 11 – 13  of Subheading  3.2  are 
performed using a heating block with light shielding.   

   7.    The preparation step for the hybridization solution should be 
conducted within 1–2 h.   

   8.    Warm the miRNA  Hybridization   Buffer plus to 65 °C for 
10 min with the cap loosened. Thoroughly mix the buffer by 
inverting it a few times until any solids disappear. Subject the 
tube containing hybridization buffer A (Block reagent) to 
fl ush centrifugation and collect the solution at the bottom of 
the tube. Place it on ice until use. The 3D-Gene ®  chip must be 
kept at room temperature for more than 30 min before use to 
prevent condensation in the reaction chamber.   

   9.    Regarding the hybridization solution, tapping, vortex mixer, or 
similar instrument should not be used to prevent the formation 
of air bubbles. Thoroughly mix the solution by inverting it.   

   10.    Gently centrifuge the 1.5-mL tube consisting of the hybridiza-
tion solution. Set the tube in the tube rack with the cap open. 
Place the tube rack into the degasifi cation container. Mount of 
the micropipettor perpendicularly against the opening of the 
injection hole. Slowly inject the hybridization solution, e.g., at 
a speed of injecting 110 μL in approximately 1 min. Do not 
apply pressure to the chip cover during injection.   

   13.    Wipe the surface of the cover gently by a cotton swab. Do not 
touch the inside of the injection holes by the cotton swab to 
prevent the injected solution being absorbed.   

   14.    The volume of nuclease-free water must be 15 μL to maintain 
optimum humidity within the hybridization chamber.   

   15.    If the injection of hybridization solution will take a long time, 
thermal control is required and the completed chips should 
initially be set on the hybridization chamber at 32 °C.   
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   16.    Prepare two batches of the fi rst wash solution including 10 mL 
of 20× SCC, 4 mL of 10 % SDS, and 386 mL of nuclease- free 
water, one batch at 30 °C and the other at room temperature; 
one batch of the second wash solution including 4 mL of 20× 
SSC, 4 mL of 10 % SDS, and 392 mL of nuclease-free water 
at 30 °C; and two batches of the third wash solution, includ-
ing 1 mL of 20× SSC and 399 mL of nuclease-free water, one 
batch at 30 °C and the other at room temperature. Place each 
solution into the staining rack and warm the solution at the 
prescribed temperature. Up to 20 chips can be washed at one 
time per rack.   

   17.    Check the bubble formation in the reaction chambers of chip 
for the confi rmation of successful hybridization. Carefully 
insert the forceps between the cover and chip body when 
removing the cover to avoid damaging the spot area.   

   18.    Blot off the remaining wash solution from the chip and stain-
ing rack. Do not carry the former wash solution to the next 
because the composition of the wash solutions will be changed.   

   19.    Do not dry the surface of the chip in the following steps of the 
washing.   

   20.    Washing in the third wash solution is important for removing 
the SDS contained in the fi rst and second wash solution.         
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    Chapter 9   

 Application of DNA Microarray to Clinical Diagnostics       

     Ankita     Patel     and     Sau     W.     Cheung        

  Abstract 

   Microarray-based technology to conduct array comparative genomic hybridization (aCGH) has made a 
signifi cant impact on the diagnosis of human genetic diseases. Such diagnoses, previously undetectable by 
traditional G-banding chromosome analysis, are now achieved by identifying genomic copy number vari-
ants (CNVs) using the microarray. Not only can hundreds of well-characterized genetic syndromes be 
detected in a single assay, but new genomic disorders and disease-causing genes can also be discovered 
through the utilization of aCGH technology. Although other platforms such as single nucleotide polymor-
phism (SNP) arrays can be used for detecting CNVs, in this chapter we focus on describing the methods 
for performing aCGH using Agilent oligonucleotide arrays for both prenatal (e.g., amniotic fl uid and 
chorionic villus sample) and postnatal samples (e.g., blood).  

  Key words     Array comparative genomic hybridization ( aCGH  )  ,   Chromosomal microarray analysis 
( CMA  )  ,   Copy number variation ( CNV  )  ,   Prenatal diagnosis  ,   Clinical utility  

1      Introduction 

 Comparative genomic hybridization (CGH) was initially  developed 
for cancer research. CGH was applied for analysis of chromosomal 
imbalances with an improved resolution of 2–3 megabases (Mb), 
as compared to 5–10 Mb offered by standard G-banding chromo-
some analysis [ 1 ]. A pivotal advance in CGH technology came 
with replacing metaphase chromosomes with BAC (bacterial artifi -
cial chromosome) or PAC (bacteriophage P1 artifi cial chromo-
some) clones. These clones are immobilized on a microarray glass 
slide for a hybridization reaction with the DNA targets. This 
advance led to array comparative genomic hybridization ( aCGH  ) 
which enables the detection of copy number variants ( CNV  ) 
throughout the genome with high resolution, and therefore, 
aCGH provided a basis for high-throughput analysis of genomic 
imbalances for clinical diagnostics [ 2 ,  3 ]. 

 Our clinical laboratory initially offered  Chromosomal 
Microarray Analysis   ( CMA  ) using BAC-based  aCGH   [ 4 ] for the 
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purpose of diagnosing genomic imbalances primarily in individuals 
with developmental delay, multiple congenital anomalies, and neu-
ropsychiatric disorders. Included in the CMA array are probes for 
virtually all known microdeletion/duplication syndromes, pericen-
tromeric and subtelomeric regions, as well as probes for some sin-
gle gene disorders that may occur due to gain or loss of large DNA 
segments. Probes distributed randomly along all chromosome 
arms were also included to identify any full trisomies. Therefore, 
with a single test, CMA will detect almost all of the disorders 
detected by traditional cytogenetic analysis such as G-band chro-
mosome analysis and fl uorescent in situ hybridization (FISH). 
CMA provides a major advance in the diagnosis of patients in 
which a genetic cause of disability is strongly suspected but not 
detected by cytogenetic analysis. In an extensive review of 33 stud-
ies including 22,698 patients, the International Standard 
Cytogenomic Array Consortium found that CMA offered a diag-
nostic yield of 15–20   %, as compared to 3 % for G-banding chro-
mosome analysis, in patients with intellectual disability or congenital 
anomalies [ 5 ]. Consequently, CMA is now recommended by the 
American College of Medical Genetics as the fi rst-tier genetic test 
for the evaluation of individuals with multiple anomalies and non-
syndromic developmental delay/intellectual disability [ 6 ]. 

 The use of chemically synthesized oligonucleotides (60 mer) as 
probes further increased the genomic resolution offered by  CMA  . 
The oligonucleotide probes are delivered with ink-jet printing 
technology to pre-determined locations on the glass chip surface 
[ 7 ,  8 ] allowing microarrays to be designed to target specifi c 
genomic regions of interest. A side-by-side comparison of the BAC 
and oligonucleotide array platforms demonstrated that the oligo-
nucleotide array platform is far superior than the BAC platform in 
(1) providing a wider dynamic range which is extremely important 
in assessing the validity of experimentally detected  CNV   changes 
within regions covered by a single clone, (2) facilitating the detec-
tion of chromosomal mosaicism, and (3) the ability of oligonucle-
otide probes to examine CNV changes smaller than the average 
BAC size (~150 kb) [ 9 ]. 

 With the rapid developments in array technology in recent 
years, the coverage of our array has approximately doubled every 
year. In June 2009, we launched our 180   K array (version 8) allow-
ing interrogation of the exons of more than 4000 candidate and 
disease genes and the entire genome at an average resolution of 30 
kb [ 10 ]. In the fall of 2010, we launched the 400 K array which 
includes the 180 K array with exon coverage and 60 K SNPs for 
comprehensive analysis of both copy number variants (CNVs) and 
clinically relevant copy number neutral loss of heterozygosity [ 11 ]. 

 These different array versions can be customized for both 
prenatal and postnatal studies to detect chromosomal abnormali-
ties ranging in size from whole chromosomes to a single exon 
[ 10 ,  12 ]. In this chapter, we describe the methods for performing 
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microarray  analysis using Agilent oligonucleotide arrays for 
 prenatal [amniotic fl uid (AF) and chorionic villus (CVS)] and 
postnatal samples (blood).  

2    Materials 

       1.    Puregene Blood Kit Plus (Qiagen): contains Red Cell Lysis 
Buffer, Proteinase K (20 mg/mL), Protein Precipitation 
Solution, Cell Lysis Solution/RNAase A (100 mg/mL), and 
glycogen.   

   2.    Isopropanol.   
   3.    DNA hydration buffer, DNA binding buffer, DNA wash buf-

fer (Zymo Research).   
   4.    Elution buffer AE (Qiagen).   
   5.    Molecular-grade water.   
   6.    DNA Clean Concentrator™-5 (Zymo-spin Columns and 

Collection tubes).   
   7.    Screw-top tubes (1.5 mL).   
   8.    Barrier pipet tips (ART 10 Reach, Sterile).   
   9.    Alcohol-resistant marker.   
   10.    Rocking incubator (Boekel).   
   11.    NanoDrop spectrometer (ND-1000).      

       1.    Restriction enzyme RsaI kit (Promega R6371): contains RsaI 
(10.0 U/μL), 10× Buffer C, Acetylated BSA (10.0 μg/μL).   

   2.    Restriction enzyme AluI kit (Promega R6281): contains AluI 
(10.0 U/μL), 10× Buffer B, Acetylated BSA (10.0 μg/μL).   

   3.    Nuclease-free water.   
   4.    Water Bath, 37 °C ± 2 °C and 65 °C ± 2 °C.   
   5.    Floating Tube Racks.   
   6.    Digestion master mix (made according to Table  1 ).

              1.    Sure Tag labeling kit (Agilent Technologies, Cat # 5190-
3400).   

   2.    1× Tris–EDTA (pH 8.0) (TE).   
   3.    Centrifuge fi lters (Microcon YM-30).   
   4.     PCR   Cleanup Filter Plate (Millipore, MultiScreen PCRμ96).   
   5.    Plate Tape.   
   6.    Plate vortexer.   
   7.    Vacuum manifold.   
   8.    Dye Labeling Master Mix (made according to Table  2 ).

2.1   DNA Extraction   
and Measurement 
of  Genomic DNA   
Concentration 
and Integrity

2.2  DNA Sample 
Digestion 
for  Hybridization  

2.3  DNA Sample 
Labeling
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              1.    Human Cot-1 DNA (1.0 mg/mL).   
   2.    Oligo  aCGH   Hybridization   Kit: contains 10× Blocking Agent 

and 2× Hybridization Buffer ( see   Note 1 ).   
   3.     Hybridization   mix (made according to Table  3 ).
       4.    SureHyb chambers.   
   5.    SurePrint G3 CGH+ SNP   Postnatal Research  Microarray   Kit, 

2 × 400K (1860 genes with exon coverage and 60 K SNP).   
   6.    SurePrint G3 CGH Postnatal Research  Microarray   Kit, 

2 × 400K (1700 genes with exon coverage).   
   7.    SurePrint G3 CGH+ SNP   Prenatal Research  Microarray   Kit, 

4 × 180K (Prenatal array with enriched coverage for disease- 
associated regions).   

   8.    SurePrint G3 CGH Postnatal Research  Microarray   Kit, 8 × 60K 
(Segmental disease tiling array with enriched density for dis-
ease-associated regions).   

2.4  DNA 
 Hybridization   
of Patient Samples

     Table 1  
  Digestion master mix for each single-tube reaction   

 Reagent  Volume (μL) 
 Final 
concentration 

 1. Nuclease-free water  2.50 

 2. 10× Buffer C  2.10 

 3. Acetylated BSA (10.0 μg/μL)  0.40  0.67 μg/μL 

 4. AluI (10.0 U/μL)  0.50  0.83 U/μL 

 5. RsaI (10.0 U/μL)  0.50  0.83 U/μL 

 Total volume  6.00 

    Table 2  
  Labeling master mix for single-tube reaction   

 Reagent  Volume (μL) 

 Nuclease-free water  2 

 5× Reaction buffer  10 

 10× dNTP  5 

 dCTP labeled dye (Cy3—1.0 mM or Cy5—1.0 mM)  3.0 

 Klenow (Exo-)  1.0 

 Total volume  21.0 
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   9.     Hybridization   chamber gasket slides.   
   10.     Hybridization   oven and hybridization oven rotator.      

       1.    Cover glass forceps.   
   2.    Slide staining tray.   
   3.    Stir bars.   
   4.    Magnetic stir plate and magnetic heating stir plate.   
   5.     N -lauroylsarcosine (an anion detergent that helps avoid exces-

sive foaming during stirring).   
   6.    Saline-sodium phosphate-EDTA (SSPE) hybridization buffer, 

20×.   
   7.    Oligo  aCGH   Wash Buffer 1 (1 L): add 25 mL of 20× SSPE and 

0.25 mL of 20 %  N -lauroylsarcosine (20 g of  N-lauroylsarcosine  
dissolved in 100 mL of deionized water) to 975 mL of deion-
ized water in a measuring cylinder. Shake well. For larger vol-
ume preparations, increase the volumes of the respective 
components accordingly.   

   8.    Oligo  aCGH   Wash Buffer 2 (1 L): add 5 mL of 20× SSPE and 
0.25 mL of 20 %  N -lauroylsarcosine to 995 mL of deionized 
water in a measuring cylinder. Shake well. For larger volume 
preparations, increase the volumes of the respective compo-
nents accordingly.      

       1.    Agilent Laser Scanner (G2505C).   
   2.    Agilent Feature Extraction Software (Version 10.10.0.23).      

2.5   Array Washing  

2.6  Slide Scanning

    Table 3  
  Amounts of components in hybridization mix   

 Component 
 2 × 400K 
array (μL) 

 4 × 180K 
array (μL) 

 2 × 105K 
array (μL) 

 8 × 60K array 
(μL) 

 1  Cyanine 5-labeled sample  19.5  19.5  19.5  19.5 

 2  Cyanine 3-labeled sample  19.5  19.5  19.5  19.5 

 3  1× TE buffer  40.0  0.0  40.0  0.0 

 4  Cot-1 DNA (1.0 mg/mL)  25.0  5.0  25.0  2.5 

 5  Agilent 10× blocking agent  26.0  11.0  26.0  4.5 

 6  Agilent 2× hybridization buffer  130.0  55.0  130.0  22.5 

 Final hybridization sample volume  260.0  110.0  260.0  68.5 

 Pipetted volume for each microarray  245.0  100.0  245.0  40.0 
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       1.    Phosphate buffered saline (PBS), 1×.   
   2.    Ethanol (70 and 100 %).   
   3.    100 % Acetonitrile.   
   4.    Bleach.   
   5.    Kimwipes.   
   6.    Parafi lm.   
   7.    Micropipettors (10, 20, 200, 1000 μL).   
   8.    Transfer pipette.   
   9.    Microfuge tubes (1.7 mL).   
   10.    Minivortexer.   
   11.    Eppendorf 5415D Microfuge and 5810 Centrifuge.       

3    Methods 

 Wear disposable lab coat, nitrile gloves, and environmental safety- 
approved eye protection for all steps. 

       1.    Mix the blood tubes by inverting them six times.   
   2.    Attach the DNA number labels onto two 15-mL conical cen-

trifuge tubes.   
   3.    Pour 3 mL of blood into one labeled 15-mL tube ( see   Note 3 ).   
   4.    Add 9 mL Red Cell Lysis Solution to the 3 mL of blood. Invert 

the tube 10 times to mix and incubate for 10 min at room 
temperature; invert at least once during incubation.   

   5.    Centrifuge for 10 min at 2,465 ×  g  on the Eppendorf centrifuge 
5810. Remove the supernatant by carefully decanting it into a 
waste bucket containing absorbent paper towel, leaving behind 
the visible white cell pellet and about 100–200 μL of the resid-
ual liquid. Visually inspect the size of each cell pellet to deter-
mine the amount of Cell Lysis solution to be used in  step 7 .   

   6.    Vortex the tube vigorously at maximum speed to resuspend 
the cell pellet in the residual liquid; this greatly facilitates cell 
lysis in  step 7  below.   

   7.    Add 3 mL of Cell Lysis +15 μL RNnase A Solution to the regu-
larly sized resuspended pellet.  Gently  rock the tube up and down 
to ensure the nuclei are lysed. If necessary, pipet the solution 
 slowly  up and down using a 3-mL transfer pipette ( see   Note 4 ).   

   8.    If cell clumps are visible, incubate at 37 °C (±1 °C) or room 
temperature until the solution is homogeneous. Allow samples 
to cool to room temperature.   

   9.    Add 1 mL of Protein Precipitation Solution to the cell lysate.   
   10.    Vortex  vigorously  at maximum speed for about 20 s to mix the 

Protein Precipitation Solution with the cell lysate. At this stage, 

2.7  General 
Reagents 
and Apparatus

3.1   DNA Extraction   
from Whole Blood ( See  
 Note 2 )
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small clumps of proteins may appear throughout the lysate. 
This is a good indication of protein precipitation.   

   11.    Centrifuge at 2,465 ×  g  for 10 min. The precipitated proteins 
will form a tight brown pellet; however, if the pellet does not 
appear to be tight repeat  steps 10  and  11 .   

   12.    Pour the supernatant, which contains the DNA, into another 
labeled 15-mL conical centrifuge tube containing 3 mL of 
isopropanol.   

   13.    Mix the content by inverting the tube gently for 50 times or 
until the threads of DNA form a visible white clump.   

   14.    Centrifuge at 2,465 ×  g  for 3–5 min. The DNA will form a 
small white pellet.   

   15.    Pour off the supernatant and add 1–3 mL of 70 % ethanol. 
Invert the tube several times in order to wash the DNA pellet.   

   16.    Centrifuge at 2,465 ×  g  for 5 min. Carefully decant the tube on 
a clean absorbent paper to remove ethanol, and allow the DNA 
pellet in the tube to air-dry for 15 min.   

   17.    Add 300 μL DNA hydration solution to the tube, and allow 
the DNA in the tube to rehydrate overnight with rocking at 
37 °C (±1 °C) or 1 h at 55 °C (±1 °C) ( see   Note 5 ).   

   18.    Mix the solution thoroughly by pipetting it  slowly  up and down 
using the 1-mL transfer pipette.   

   19.    Quantitate DNA using the NanoDrop Spectrophotometer. 
Store DNA at 4 °C (±1 °C).      

   When performing microarray analysis on prenatal samples (e.g., 
AF and CVS), it is always recommended to aliquot sample perform 
maternal cell contamination studies (protocol not included: 
AmpfLSTR identifi er PCR Amplifi cation Kit from Life 
Technologies). Fetal gender must be determined by PCR of 
Amelogenin gene or FISH (protocol not included) so appropriate 
male/female control DNA can be used for the analysis. 

     1.     Prepare  the starting material by spinning the sample in a 15-mL 
tube in the Eppendorf 5810 microfuge at 2,465 ×  g  for 15 min 
at room temperature.   

   2.    Remove the supernatant with a sterile transfer pipet and put it 
in a new 15-mL screw-top tube temporarily ( see   Note 6 ). This 
leaves the cell pellet with approximately 50 μL of media in the 
15-mL tube.   

   3.    Tap the 15-mL tube to resuspend the pellet in the remaining 
media. Ensure that the pellet is completely resuspended with 
no visible clumps.   

   4.    Add 500 μL 1× PBS to the tube taking care to wash down the 
sides of the tube.   

3.2   DNA Extraction   
from Amniotic Fluid 
(AF)
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   5.    Transfer the cell sample using a Pasteur pipet to a newly labeled 
1.5-mL screw-top tube. For a large cell sample, split it into two 
1.5-mL screw-top tubes. For an extra large pellet, split it into 
three 1.5-mL screw-top tubes.   

   6.    Add 500 μL of PBS to the empty 15-mL tube and transfer the 
solution to the 1.5-mL screw-top tube to transfer any remain-
ing cells.   

   7.    Centrifuge the tube at maximum speed in an Eppendorf 
5415D benchtop microcentrifuge 16000 ×  g  or 13200 rpm) 
for 30 s.   

   8.    Remove the PBS and transfer it into a newly labeled 15-mL 
conical tube ( see   Note 6 ). This leaves ~20 μL in the tube. 
Vortex and resuspend the pellet.   

   9.    Wash the cells with 1 mL of 1× PBS and centrifuge at 3,100 ×  g  
for 30 s. Remove the PBS with a Pasteur pipet, leaving 
~20 μL. Repeat this step once.   

   10.    Remove the PBS with a Pasteur pipet, leaving ~20 μL. Vortex 
the tube to resuspend the pellet.   

   11.    Add 600 μL of Cell Lysis Solution to the resuspended pellet in 
the tube.   

   12.    Add 100 μL of Proteinase K (20.0 mg/mL) to the tube.   
   13.    Screw on the top of the tube, place Parafi lm around the top, 

and invert the tube 25 times to mix.   
   14.    Put the tube(s) in the oven at 37 °C ± 2 °C overnight with the 

“rocker” function turned on.   
   15.    Remove the tube(s) from the oven ( see   Note 7 ).   
   16.    Add 3.0 μL of RNase A solution (100.0 mg/mL) to the cell 

lysate. Screw on the top of the tube and place Parafi lm around it.   
   17.    Invert the tube 25 times and then incubate at 37 °C ± 2 °C in 

the oven for 15 min.   
   18.    Remove the tubes from the oven. Briefl y spin and place them 

on ice for 5 min.   
   19.    Add 200 μL of Protein Precipitation Solution to the tube. Vortex 

vigorously for 20 s to uniformly mix the sample in the tube.   
   20.    Centrifuge the tube at 16,000 ×  g  for 5 min ( see   Note 8 ).   
   21.    Pipet 600 μL of isopropanol into a newly labeled 2.0-mL tube. 

Place it on ice for at least 5 min to cool.   
   22.    Transfer the supernatant to the tube containing the ice-cold 

isopropanol in order to precipitate the DNA.   
   23.    Mix the sample in the tube by gently inverting it 50 times.   
   24.    Centrifuge at 16,000 ×  g  for 2 min.   
   25.    Carefully pour off the isopropanol into a waste container, being 

careful to leave the DNA pellet undisturbed ( see   Note 9 ).   
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   26.    Centrifuge at 16,000 ×  g  for an additional 30 s. Pipet to remove 
the residual isopropanol.   

   27.    Add 600 μL of 70 % ethanol to the tube. Screw on the top of 
the tube and invert it several times to wash the DNA pellet.   

   28.    Centrifuge at 16,000 ×  g  for 1 min.   
   29.    Carefully pour off the ethanol into a waste container. Be care-

ful to leave the DNA pellet undisturbed.   
   30.    Centrifuge at 16,000 ×  g  for an additional 30 s. Pipet to remove 

the residual ethanol.   
   31.    Invert the tube on a clean absorbent paper for 10–15 min. Make 

sure that all of the ethanol has evaporated before proceeding.   
   32.    Add 50 μL of the DNA Hydration Buffer to the DNA pellet 

( see   Note 10 ).   
   33.    Incubate the tube at 55 °C ± 2 °C for 2 h to rehydrate the 

 pellet, tapping the tube periodically.   
   34.    If possible, leave the tube overnight at room temperature to 

thoroughly rehydrate the DNA.   
   35.    Mix the sample by tapping the tube and briefl y spin the sample.   
   36.    Measure the DNA concentration using the NanoDrop spec-

trometer ( see    Measurement of Genomic DNA Concentration 
and Integrity ).   

   37.    Cleanup and concentrate the DNA ( see     Cleanup of Extracted 
DNA ).      

   When performing microarray analysis on prenatal samples (e.g., 
AF and CVS), it is always recommended to aliquot sample perform 
maternal cell contamination studies (protocol not included: 
AmpfLSTR identifi er PCR Amplifi cation Kit from Life 
Technologies). Fetal gender must be determined by PCR of 
Amelogenin gene or FISH (protocol not included) so appropriate 
male/female control DNA can be used for the analysis. 

     1.    If the CVS ( see   Note 11 ) is received in a 15-mL tube, transfer it 
to a labeled 1.5-mL screw-top tube. Centrifuge the tube at 
3100 ×  g  for 2–5 s. Look for clumps of cells, and indicate on the 
benchsheet whether you have seen the clumps. Remove as much 
of the media as possible using a sterile transfer pipet ( see   Note 6 ).   

   2.    Add 1.0 mL 1× PBS to the sample in the tube.   
   3.    Centrifuge the tube at 16,000 ×  g  for 15 s.   
   4.    Remove the PBS from the tube, leaving ~20.0 μL.   
   5.    Flick the tube gently to resuspend the pelleted sample and 

repeat  steps 2 – 4 .   
   6.    Add 600 μL of the Cell Lysis Buffer and 200 μL of Proteinase 

K (20 mg/mL) to the tube. Parafi lm the tube and invert it 

3.3   DNA Extraction   
from Chorionic Villus 
Sample (CVS)
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25 times to mix. Place it on rocking platform of the oven at 
37 °C ± 2 °C overnight.   

   7.    Remove the sample from the rocking platform ( see   Note 7 ).   
   8.    Add 3.0 μL of RNaseA (100.0 mg/mL) to the cell lysate. 

Invert the tube 25 times and incubate it in a 37 °C ± 2 °C incu-
bator for 15 min.   

   9.    Add 600 μL of isopropanol to a newly labeled 1.5-mL 
microfuge empty tube and place it on ice for at least 2 min 
before proceeding to  step 10 .   

   10.    Quickly spin the tube and place it on ice for 5–10 min.   
   11.    Add 200 μL of protein precipitation solution to the tube and 

vortex it vigorously for 20 s.   
   12.    Spin at 16,000 ×  g  for 5 min. If the protein  pellet is not tight, 

place the tube on ice for another 5 min and centrifuge it again 
at 16,000 ×  g  for 3 min.   

   13.    Transfer the supernatant to the tube containing ice-cold 
 isopropanol to precipitate DNA.   

   14.    Mix the sample by gently inverting the tube 50 times.   
   15.    Centrifuge at 16,000 ×  g  for 2 min.   
   16.    Pour off isopropanol from the tube into a clean labeled waste 

tube, being careful to leave the DNA pellet undisturbed. Spin 
for an additional 30 s and pipet out any residual isopropanol.   

   17.    Add 600 μL of 70 % ethanol to the tube. Replace the top of the 
tube and invert it several times to wash the pellet.   

   18.    Centrifuge at 16,000 ×  g  for 1 min.   
   19.    Pour off the ethanol into a labeled waste tube, being careful 

not to disturb the pellet. Spin for an additional 30 s and pipet 
out any residual isopropanol.   

   20.    Leave the tube to air-dry for 10–15 min for the remaining 
ethanol to evaporate off.   

   21.    Add 50 μL (or more for a large pellet) of the DNA Hydration 
Buffer to the DNA pellet.   

   22.    Incubate the tube at 55 °C±2 °C for 2 h to rehydrate the pellet, 
tapping the tube periodically. If possible, leave the tube over-
night at room temperature to thoroughly rehydrate the DNA.   

   23.    Mix the sample by tapping the tube and briefl y spin the sample. 
Measure the concentration using the Nanodrop spectrometer 
( see  Measurement of Genomic DNA Concentration and Integrity) 
and then perform cleanup ( see  Cleanup of Extracted DNA) to 
produce a maximum of 5 μg of DNA on a Zymo column.      

        1.    If the DNA concentration prior to cleanup is more than 
500 ng/μL, parafi lm the sample and let it sit overnight at room 
temperature.   

3.4  Cleanup 
of Extracted DNA
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   2.    Add 100 μL of Binding buffer to 5 μg of DNA sample. Vortex 
and let it sit for 5 min at room temperature.   

   3.    Add the sample to the Zymo mini fi lter placed inside a collec-
tion tube. Spin for 30 s. Discard the waste.   

   4.    Add 200 μL of wash buffer to the Zymo mini fi lter. Spin for 
30 s. Discard the waste. Repeat once.   

   5.    For elution A, transfer the mini fi lter to a newly labeled    1.7-mL 
tube. Have another technician check the labels on the tubes 
prior to transfer.   

   6.    Add 18 μL of water to the Zymo mini fi lter. Let it sit for 10 min 
and spin for 30 s into the fi rst labeled tube.   

   7.    For elution B, transfer the mini column to another newly 
labeled 1.7-mL tube. Have another technician check the labels 
on the tubes prior to transfer.   

   8.    Add 10 μL of water to the Zymo mini fi lter. Let it sit for 5 min. 
Spin for 30 s into a second labeled tube.   

   9.    Determine the concentration of each elution using the 
Nanodrop spectrometer ( see  Measurement of Genomic DNA 
Concentration and Integrity).      

        1.    Measure the DNA concentration using the Nanodrop UV 
spectrometer. Before using it, ensure that its daily maintenance 
has been carried out according to the Nanodrop Maintenance 
protocol.   

   2.    Start the program “ND-1000 v3.30” on the desktop.   
   3.    Select “Nucleic Acids.”   
   4.    Place 1.5 μL of sterile water on the pedestal. Lower the arm. 

Click OK. Wait for a reading.   
   5.    Wipe off sample with a Kimwipe.   
   6.    On the pedestal, place 1.5 μL of the liquid used to prepare the 

samples (Puregene Hydration Buffer for Puregene extracted 
DNA, AE buffer for Qiagen extracted DNA, Molecular-Grade 
water for Zymoed sample).   

   7.    Click “Blank” or press F3. All readings should go to zero.   
   8.    Wipe off the liquid with a Kimwipe and replace it with 2.0 μL 

of the same liquid.   
   9.    Click “Measure” or press F1.   
   10.    If the blanking procedure is performed correctly, the readings 

for “A-260 10 mm path” and of the “A-280 10 mm path” 
should both be between 0.00 and 0.05, the graph should be a 
fairly straight line, and the ng/μL reading should be between 
0.0 and 1.5. If a sample is out of any of these ranges, repeat 
 steps 6 – 9 .   

3.5  Measurement 
of  Genomic DNA   
Concentration 
and Integrity
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   11.    Spin all the samples at 16,000 ×  g  for 2–10 s.   
   12.    Manually enter the DNA number of the sample in the “Sample 

ID” window. Alternatively, the barcode on the sample tube is 
scanned into the instrument. Wipe dry the pedestal and place 
1.5 μL of sample on the pedestal. Click “Measure” or press F1.   

   13.    Repeat  steps 11 – 13  for each sample.   
   14.    During sample measurement, if the program displays a 

“reblank” message, repeat  steps 5 – 9 . Place 1.5 μL of Hydration 
Buffer on the pedestal and measure it. If the measurement is 
within the limits described in  step 10 , proceed to  steps 11–13 . 
If it is not within those limits, repeat  steps 5–9  to reblank.   

   15.    The ratio of absorbance at 260 and 280 nm is used to assess 
the integrity of the DNA. If the A260/A280 ratio is below 
1.75 or above 2.00, the A260/A230 ratio is below 1.5, or the 
concentration is below 66 ng/uL, the integrity of the DNA 
sample is not adequate. Purify the sample using the Zymo col-
umn and re-measure the DNA concentration.      

       1.    Place labels on the top of closed 1.7-mL microfuge tubes for 
the samples of both the patients and the controls.   

   2.    Add the appropriate amount of nuclease-free water to each 
labeled tube to dilute the genomic DNA to give a concentra-
tion of 1.0 μg DNA in 20.0 μL. Use long-reach barrier pipet 
tips whenever pipetting from genomic stock DNA tubes. Open 
only one genomic tube and one reaction tube at a time, and 
close both of them before proceeding to the next sample. 
Recheck the labels of the genomic tubes and the reaction tubes 
again after all of the DNA has been aliquoted.   

   3.    Add 1.0 μg genomic gender-matched control DNA to a sepa-
rate labeled 1.7-mL microfuge tube. If the control DNA used 
is at a higher concentration, add nuclease-free water to bring 
each tube to a fi nal volume of 20.0 μL. The gender control 
should be thoroughly mixed by tapping or inverting before 
use. DNA should not be vortexed, as this will shear it.   

   4.    Prepare the Digestion Master Mix according to Table  1 . If you 
choose to make Mix for all reactions, multiply each number on 
Table  1  by the number of samples, and then multiply by 1.1 to 
allow for a 10 % pipetting overage.   

   5.    Add 6.0 μL of the Digestion Master Mix to each reaction tube. 
Each tube should now have a total volume of 26.0 μL. Place 
the tubes on ice as soon as you have added the Digestion 
Master Mix. Mix well by fl icking the bottom of the tubes and 
spin them at 3,100 ×  g  for 2–10 s.   

   6.    Place the sample tubes at 37 ± 2 °C (either in a fl oating rack in 
a water bath or in a standard rack in an oven) and incubate 
from 2 to 17 h (or overnight).   

3.6  Sample 
Digestion 
for  Hybridization   
( See   Note 12 )
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   7.    Transfer the sample tubes to a fl oating rack in a water bath at 
65 ± 2 °C and incubate for 20 min to inactivate the enzymes. 
Place tubes on ice for at least 5 min.   

   8.    Store the sample tubes at −20 °C until labeling ( see  Note 13).      

       1.    If samples were stored at −20 ± 2 °C after enzyme digestion, 
thaw them at room temperature for 5 min.   

   2.    Centrifuge the 1.7-mL tubes at 3,100 ×  g  for 2–10 s.   
   3.    Add 10.0 μL of 5× Random Primers to each reaction tube 

containing 26.0 μL of digested genomic DNA.   
   4.    Flick the bottom of the tube to mix. Centrifuge the tubes at 

3,100 ×  g  for 2–10 s.   
   5.    Denature the DNA in a heat block at 105 ± 2 °C for 3 min.   
   6.     Immediately  place the tubes on ice for 5 min, and then spin the 

tubes at 3,100 ×  g  for 2–10 s. Return the tubes to ice.   
   7.    Make a master mix for each dye according to Table  2  (Cy5- 

dCTP for the sample DNA and Cy3-dCTP for the control 
DNA). Add the components on ice in the order indicated. Mix 
by tapping and spin at maximum speed for 2–10 s.   

   8.    Add 19.0 μL of Labeling Master Mix to each reaction tube. 
Flick the bottom of the tube to mix. Centrifuge the tubes at 
3,100 ×  g  for 2–10 s.   

   9.    Place the sample tubes in a fl oating rack in a water bath at 
37 ± 2 °C and incubate for 2 h.   

   10.    Transfer the sample tubes to a water bath at 65 ± 2 °C and 
incubate for 10 min to inactivate the enzyme. Place the tubes 
on ice for at least 5 min.   

   11.    The labeled DNA samples (50.0 μL) can be stored at −20 °C 
for a day before proceeding to the cleanup step.      

       1.    Add 50.0 μL of 1× TE (pH 8.0) to each reaction tube, bring-
ing the total volume to 100.0 μL.   

   2.    Add the contents of each tube to the appropriate well of the 
96-well plate ( see   Note 14 ).   

   3.    Place the plate on the vacuum manifold. Ensure that the valve 
between the collection fl ask and the manifold is closed. Ensure 
that the bleed valve is closed all the way (turn the silver knob 
clockwise). Turn on the house vacuum for drying the plate.   

   4.    Slowly open the valve from the fl ask to the manifold while gen-
tly pressing down on the 96-well plate. Watch the pressure indi-
cator and ensure that the pressure is below −20 in. of mercury.   

   5.    Set a timer for 10 min. After 10 min, close the valve from the 
vacuum to the manifold, open the bleed valve, and remove the 
plate. Blot the bottom of the plate with a paper towel. Return 

3.7  Fluorescent 
Labeling of  Genomic 
DNA   ( See   Note 12 )

3.8  Cleanup 
of Labeled  Genomic 
DNA   Using Millipore 
Filter Plates 
( See   Note 12 )
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the plate to the manifold, close the bleed valve, and open the 
valve to the vacuum.   

   6.    Set a timer for 10 min. After 10 min, remove the plate from 
the vacuum manifold ( see   Note 15 ). Close the valve between 
the vacuum fl ask and the manifold. Turn off the house  vacuum. 
Release the pressure on the 96-well plate by slowly turning the 
silver knob on the bleed valve counterclockwise. Remove the 
plate when the vacuum has released it.   

   7.    Add 25.0 μL 1× TE buffer (pH 8.0) to each well. Place a piece 
of plate tape over the sample wells and ensure that it is tightly 
adhered to the top of the wells. Place the 96-well plate in the 
plate vortexer and mix at a speed setting of “5” for 10 min.   

   8.    Draw the contents of the fi rst well into a pipet tip to measure 
its volume. Note the volume and transfer the sample to a prop-
erly labeled 1.7-mL tube.   

   9.    Bring the total sample volume to 21.0 μL with 1× TE buffer 
(pH 8.0), if necessary.   

   10.    Repeat  steps 8  and  9  for each well.   
   11.    The labeled DNA can be stored overnight or over the weekend 

at −20 ± 2 °C, either before or after measuring the DNA con-
centration ( see  Quantitation of the Yield and Specifi c Activity 
of the Labeling).      

       1.    Add 430.0 μL of 1× TE buffer (pH 8.0) to each reaction tube, 
bringing the total volume to 480.0 μL.   

   2.    Place a Microcon fi lter into the labeled 1.7-mL microfuge tube 
and load the correct labeled DNA sample onto the fi lter. Spin 
for 10 min at 9,300 rpm (8,000 ×  g ) in a microcentrifuge at 
room temperature. Discard the fl ow-through in a labeled 
Cy-3/Cy-5 waste container.   

   3.    Add 480.0 μL of 1× TE buffer (pH 8.0) to each fi lter. Spin for 
10 min at 8,000 ×  g  at room temperature. Discard the fl ow- 
through in the labeled Cy-3/Cy-5 waste container.   

   4.    Invert the fi lter and place it into a newly labeled 1.7-mL tube. 
Spin for 1 min at 8,000 ×  g  at room temperature to collect the 
purifi ed sample.   

   5.    Measure and record the volume of each eluate in μL. If the 
sample volume is more than 21.0 μL, return the sample to its 
fi lter and spin for 1 min at 8,000 ×  g  in a microcentrifuge at 
room temperature. Discard the fl ow-through in a labeled 
Cy-3/Cy-5 waste.   

   6.    Repeat  steps 4  and  5  until each sample volume is less than, or 
equal to, 21.0 μL.   

   7.    Bring the total sample volume to 21.0 μL with 1× TE buffer 
(pH 8.0) if necessary.   

3.9  Cleanup 
of Labeled  Genomic 
DNA   Using Millipore 
Microcon Columns 
( See   Note 12 )
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   8.    The labeled DNA can be stored overnight or over the weekend 
at −20 ± 2 °C, either before or after measuring the DNA con-
centration ( see  Quantitation of the Yield and Specifi c Activity 
of the Labeling).      

       1.    Start the program “ND-1000 v3.30” on the desktop of a com-
puter attached to the NanoDrop Spectrophotometer.   

   2.    Select “MicroArray” from the fi rst screen.   
   3.    Place 1.5 μL of Nuclease-Free water on the pedestal. Lower 

the arm. Click OK. Wait for a reading.   
   4.    Select “DNA-50” for “Sample Type” from the next screen.   
   5.    Wipe off the sample on the pedestal with a Kimwipe.   
   6.    Place 1.5 μL of 1× TE buffer (pH 8.0) on the pedestal.   
   7.    Click “Blank” or press F3. All readings should go to “0.0”.   
   8.    Wipe off the sample with a Kimwipe and replace with a fresh 

1.5 μL of 1× TE buffer (pH 8.0).   
   9.    Click “Measure” or press F1.   
   10.    If the concentration reading is between 0.0 and 1.0 ng, pro-

ceed to the next step. Otherwise, repeat  steps 5 – 9  until the 
reading is in range.  Note:  If the reading is consistently negative, 
close the program, reopen it, and start again.   

   11.    Enter the number of the fi rst sample to be measured in the 
“Sample ID” fi eld. Wipe off the pedestal and place 1.5 μL of 
the sample on the pedestal. Click “Measure” or press F1. 
Repeat for each sample and each control.   

   12.    When all samples have been measured, click “Show Report,” 
and then select “File, Print Window.”   

   13.    Match each patient sample with the gender-matched control 
that most closely matches its concentration.      

       1.    According to the type of microarray used, the amounts of the 
components are different, as shown in Table  3 . Add the com-
ponents, in order, to a labeled nuclease-free tube.   

   2.    Mix the sample by pipetting it up and down several times. 
Flick the bottom of the tube to mix. Centrifuge the tubes at 
8,000 ×  g  for 2–10 s.   

   3.    Place sample tubes in a heat block at 105 ± 2 °C and incubate 
for 3 min.   

   4.    Immediately transfer sample tubes to a water bath at 37 ± 2 °C 
and incubate for 30 min.   

   5.    Remove sample tubes from the water bath. Spin for 1 min at 
8,000 ×  g  in a microcentrifuge.   

   6.    Load a clean gasket slide into the Agilent SureHyb chamber 
base with the gasket label facing up and aligned with the 

3.10  Quantitation 
of the Yield 
and Specifi c Activity 
of the Labeling 
( See   Note 12 )

3.11   Hybridization   
of Patient Samples 
( See   Note 12 )

Application of DNA Microarray to Clinical Diagnostics



126

rectangular section of the chamber base. Ensure that the gasket 
slide is level and seated properly within the chamber base.   

   7.    Check the  Hybridization   Worksheet to be sure of the destina-
tion for the fi rst sample. Slowly dispense the hybridization sam-
ple mixture into the gasket well. Load all gasket wells, being 
extremely careful to dispense each sample into the correct well.   

   8.    After checking the  Hybridization   Worksheet to be sure that 
you have the correct slide, place the slide microarray-side down 
onto the SureHyb gasket slide, so the numeric barcode side is 
facing up and the “Agilent”-labeled barcode is facing down. 
The label on the gasket slide should be lined up with the label 
on the array slide.   

   9.    Gently place the SureHyb chamber cover onto the sandwiched 
slides and slide the clamp assembly onto both pieces.   

   10.    Hand-tighten the clamp onto the chamber. Experience will 
show how to get the chambers tight enough, but not too tight 
to break the slide.   

   11.    Vertically rotate the assembled chamber to wet the slides and 
assess the mobility of the bubbles. Tap the assembly on the 
palm of your hand if necessary to move bubbles.   

   12.    Place the assembled slide chamber in the rotator rack in a 
hybridization oven set to 65 ± 2 °C. Be sure that the rotator is 
balanced both side-to-side and front-to-back. Set the hybrid-
ization rotator to 20 rpm.   

   13.    Hybridize at 65 ± 2 °C for 20–68 h.   
   14.    Proceed to Array Washing protocol.      

       1.    Place at least 250 mL of Oligo  aCGH   Wash Buffer 2 in a 37 ± 2 
°C water bath and a dish labeled “Wash BF2” in a 37 ± 2 °C 
incubator overnight, or at least 3 h before washing.   

   2.    Fill a slide-staining dish labeled “Wash BF1” with approxi-
mately 350 mL of room-temperature Oligo  aCGH   Wash 
Buffer 1 and place it in the hood.   

   3.    Place a slide rack into another slide-staining dish labeled “Wash 
BF1.” Add a magnetic stir bar. Fill this dish with enough room-
temperature Oligo  aCGH   Wash Buffer 1 to cover the slide rack 
(~250 mL). Place this dish on a magnetic stir plate in the hood.   

   4.    Insdie the fume hood, fi ll labeled Acetonitrilewith approximately 
300 mL of room-temperature acetonitrile (see Note 16).   

   5.    The procedure of washing is conducted as depicted in Table  4 .
       6.    Remove the hybridization chambers to be washed from the 

65 ± 2 °C incubator.   
   7.    Place the fi rst slide into the wash buffer. Place the hybridiza-

tion chamber assembly on a fl at surface and disassemble it. 

3.12   Array Washing  
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Loosen the thumbscrew, turning counterclockwise. Slide off 
the clamp assembly and remove the chamber cover. Remove 
the array-gasket sandwich from the chamber base by grabbing 
the slides from their ends.   

   8.    Keep the microarray slide numeric barcode facing up and sub-
merge the array-gasket sandwich into the fi rst dish containing 
Oligo  aCGH   Wash Buffer 1. Do not let go of the slides.   

   9.    With the sandwich completely submerged in Oligo  aCGH   
Wash Buffer 1, pry the sandwich open from the barcode end. 
Insert one end of the plastic forceps between the slides and 
gently turn the forceps to separate the slides. Let the gasket 
slide drop to the bottom of the staining dish. Remove the 
microarray slide and place it into the slide rack in the second 
dish containing Oligo aCGH Wash Buffer 1, being very careful 
not to touch the array. Minimize exposure of the slide to air.   

   10.    Repeat   steps  7  through  9  for up to four additional slides, leav-
ing a blank space between each pair of slides. No more than 
fi ve slides can be washed in each wash batch. Larger dishes can 
be used for a maximum of ten slides.   

   11.    When all slides in the batch are placed into the slide rack in the 
second dish, stir using a setting between 110 and 130 for 
5 min (Table  4 ).   

   12.    When there is 1 min left on the previous wash, remove a pre- 
warmed dish and the Oligo  aCGH   Wash Buffer 2 from the 
37 ± 2 °C incubator and water bath. Place the dish on a stir 
plate, add a magnetic stir bar, and fi ll the dish with Oligo 
aCGH Wash Buffer 2 to the top of the label.   

   13.    When the time is up, transfer the slide rack to the dish contain-
ing the Oligo  aCGH   Wash Buffer 2 and stir on a setting 
between 110 and 130 for 1 min (Table  4 ).   

   14.    Remove the slide rack from the dish and tilt the rack slightly to 
minimize wash buffer carry-over. Transfer the slide rack to the 
dish containing acetonitrile and leave for 1 min (Table  4 ).   

      Table 4  
  Procedure of microarray slide washing   

 Procedure  Wash buffer  Temperature  Time 

 Disassembly  Oligo  aCGH   wash buffer 1  Room temperature  Depends on the total 
number of slides 

 First wash  Oligo  aCGH   wash buffer 1  Room temperature  5 min 

 Second wash  Oligo  aCGH   wash buffer 2  37 ± 2 °C  1 min 

 Third wash  Acetonitrile  Room temperature  1 min 
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   15.    Remove the slide rack very slowly to minimize droplets on the 
slides. It should take about 10 s to remove the slide rack.   

   16.    Scan slides immediately to minimize the impact of air oxidation 
on signal intensities, or store slides in slide boxes in a desiccator.   

   17.    If necessary, repeat  steps 6 – 16  for the next group of fi ve slides 
using fresh Oligo  aCGH   Wash Buffer 1 and pre-warmed Oligo 
aCGH Wash Buffer 2. The Oligo aCGH Wash Buffer 1 in the 
dish used to open the array-gasket assembly can be used 
throughout the day and should be discarded after all of the 
day’s washing has been completed. The Oligo aCGH Wash 
Buffer 1 (on the stir plate) and Oligo aCGH Wash Buffer 2 can 
be used for up to fi ve slides. If fewer than fi ve slides were 
washed and more are to be washed later the same day, leave the 
Oligo aCGH Wash Buffer 1 in the hood and place the Oligo 
aCGH Wash Buffer 2 in its tray in the 37 ± 2 °C incubator until 
ready for use. Acetonitrile can be used for up to 20 slides. 
Leave  them  the Acetonitrile dish in the hood if they will be 
used later for another wash.   

   18.    When all washing for the day has been completed, wash all of 
the dishes, slide rack, and stir bars. Pour used Oligo  aCGH   
Wash Buffer 1 and Oligo aCGH Wash Buffer 2 down the lab 
sink. Rinse the dish and lid with tap water, and then fi ll the dish 
several times with Millipore water and empty. Rinse the lid with 
Millipore water. Air-dry the Oligo aCGH Wash Buffer 1 dishes. 
The Oligo aCGH Wash Buffer 2 dish can be placed directly in 
the incubator. Discard the acetonitrile in the acetonitrile waste 
container in the hood. Air-dry the dishes in the hood.      

       1.    Scan the array slides according to instructions provided with 
the scanner used.   

   2.    The Agilent software for extracting the data from the tiff fi le 
and analysis can be downloaded from their website (  http://
www.genomics.agilent.com    ).   

   3.    Examples of the microarray principle and output are shown in 
Figs.  1  and  2 .

4             Notes 

     1.    The 2× Hybridization Buffer contains lithium chloride (LiCl), 
lithium dodecyl sulfate (LDS) and Triton. LiCl is hazardous 
and harmful by inhalation, contact with skin, and if swallowed. 
It may cause harm to breast-fed babies and impair fertility. The 
target organ is the central nervous system. LDS is harmful by 
inhalation and irritating to the eyes, respiratory system, and 
skin. Triton is harmful if swallowed and has the risk of serious 
damage to eyes.   

3.13  Scan 
Slides ( see   Note 17 )

Ankita Patel and Sau W. Cheung
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   2.    For best results, blood must not exceed 6 days old. DNA 
extraction for blood, amniotic fl uid (AF), and chorionic villus 
sample (CVS) is adapted from published Puregene protocols 
(QIAmp DNA Blood Midikit Handbook protocols).   

   3.    The DNA isolation protocol is designed for whole blood sam-
ples of 1–3 mL, with an expected yield of 50–150 μg of DNA. 
 PCR   is also performed on the negative control, which is 
included in the extraction batch, to ensure no contamination 
during extraction procedures.   

   4.    In general, for a cell pellet of average size, use 3 mL of Cell 
Lysis/RNase solution. If the cell pellet is much smaller than 

  Fig. 1    Array comparative genomic hybridization ( aCGH  ) showing the deletion of chromosome band 16p11.2. 
( A ) A schematic of the process for conducting array CGH:  Genomic DNA   from the patient is labeled with a green 
fl uorescent dye (Cy5) and genomic DNA from a control is labeled with a red fl uorescent dye (Cy3). The two 
samples are mixed and co-hybridized to the array of DNA fragments on the slide. ( B ) A laser scanner reads the 
fl uorescent signals on the slide, and the intensities of each color are quantifi ed using specialized software. A 
copy number loss is indicated by a  red spot  (more control than patient DNA) and a copy number gain is indi-
cated by a  green spot  (more patient than control DNA). If both the patient and control DNA are the same, the 
spot is  yellow  in color. ( C ) A typical result is presented in the Agilent software. The  top panel  depicts the whole 
genome view and the  middle   panel  is the segmental view showing a deletion of chromosome band 16p11.2. 
The  bottom panel  is the data output from our customized software showing the minimum and maximum size 
of the deletion on chromosome 16 and genes involved in the region. ( D ) Confi rmation of the deletion by fl uo-
rescent in situ hybridization (FISH), with the  red signal  representing the target probe and  green signal  the 
control probe, demonstrating the 16p11.2 deletion (reproduced from Ref.  4  with permission from Elsevier)       
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average size, scale down the amount of Cell Lysis Solution 
used such as 1–2 mL. For very small pellets, use 300 μL for the 
Whole Blood Preparation procedure. Samples are stable in the 
cell lysis solution for at least 18 months at room temperature.   

   5.    DNAs can be rehydrated at room temperature over the 
 weekend; then they are placed at 55 ± 1 °C on the following 
Monday for 1 h.   

   6.    The supernatant should be transferred to a newly labeled 
 1.5- mL screw-top tube. It should be kept until you are sure 
that suffi cient DNA was isolated in this protocol. If there is 
suffi cient DNA isolated, the supernatant can then be bleached 
and discarded.   

   7.    The DNA isolation protocol can stop here and continue on the 
next day. Samples may also be left over the weekend with the 
protocol continued on Monday. Keep the cell lysate at room 
temperature for the extraction to be continued later.   

   8.    After centrifugation, the precipitated proteins should form a tight 
white pellet at the bottom of the tube. If the pellet is not tight, 
place the vial on ice for 5 min and centrifuge it again for 3 min.   

  Fig. 2    The same deletion of 16p11.2 is presented in the Agilent software. ( A ) The  top panel  depicts the whole 
genome view. ( B ) The segmental view of the entire chromosome 16 showing the deletion of chromosome band 
16p11.2. ( C ) The  red circle  magnifying the deleted region       
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   9.    Pour the supernatant into a clean 1.7-mL tube temporarily so 
that if the pellet becomes dislodged, you will be able to retrieve 
the lost DNA from the supernatant. Therefore, you will not 
risk losing or contaminating the DNA.   

   10.    The volume of hydration buffer used depends on the size of 
the DNA pellet. If the pellet does not go into solution with 
50.0 μL of hydration buffer, more buffer may be added.   

   11.    The chorionic villus sample (CVS) should be cleaned (i.e., free 
of any maternal decidua).   

   12.    The hybridization protocol beginning with Sample Digestion for 
Hybridization to Hybridization of Patient Sample are adapted 
with modifi cation from Agilent manual, “Agilent  Oligonucleotide 
Array  -Based CGH for  Genomic DNA   Analysis.”   

   13.    At this point, the DNA samples may be covered with alumi-
num foil and stored at −20 ± 2 °C for labeling the next day. 
Samples can also be left at −20 ± 2 °C over the weekend.   

   14.    Each 96-well multiscreen plate can be used twice. For the 
 second use of the plate, two columns of blank wells should be 
left between the used wells and the new ones.   

   15.    If the samples still look wet, place the plate on the vacuum for 
5 min.   

   16.     Acetonitrile  is used at 100 % and is also present in the 
Stabilization and Drying Solution. Acetonitrile is toxic and 
fl ammable and must be used in a suitable fume hood. It must 
be disposed of in a segregated collection bottle for disposal by 
Environmental Safety. Nitrile gloves are approved for only 
brief exposure (5 min or less) to acetonitrile. Change gloves if 
signifi cant exposure to acetonitrile has occurred.   

   17.    The Scan Slide step  is  adapted from Agilent manuals: Agilent 
G2565AA and Agilent G2565BA  Microarray   Scanner System 
and from Agilent G2567AA Feature Extraction Software 
(v.10.9).         
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    Chapter 10   

 High-Throughput DNA Array for SNP Detection 
of KRAS Gene Using a Centrifugal Microfl uidic Device       

     Abootaleb     Sedighi     and     Paul     C.  H.     Li       

  Abstract 

   Here, we describe detection of single nucleotide polymorphism (SNP) in genomic DNA samples using a 
NanoBioArray (NBA) chip. Fast DNA hybridization is achieved in the chip when target DNAs are intro-
duced to the surface-arrayed probes using centrifugal force. Gold nanoparticles (AuNPs) are used to assist 
SNP detection at room temperature. The parallel setting of sample introduction in the spiral channels of 
the NBA chip enables multiple analyses on many samples, resulting in a technique appropriate for high- 
throughput SNP detection. The experimental procedure, including chip fabrication, probe array printing, 
DNA amplifi cation, hybridization, signal detection, and data analysis, is described in detail.  

  Key words     NanoBioArray ( NBA  )  ,   DNA microarray  ,    Microfl uidics    ,   PDMS chip  ,   Gold nanoparticles  , 
  Single nucleotide polymorphism ( SNP  )  

1      Introduction 

 Variations in single nucleotide polymorphism ( SNP  ) in the KRAS 
gene are important cancer biomarkers, and detection of these SNP 
variations is crucial for selection of the appropriate type of therapy 
for patients [ 1 ]. Currently, various methods are used for SNP 
detection and they can be categorized in three major groups based 
on DNA sequencing, real-time  PCR   and  DNA hybridization   [ 2 ]. 
 Hybridization  -based techniques, such as the DNA microarray, are 
simple and have the high sample-throughput potential. However, 
these techniques rely on diffusion-based mass transport to deliver 
target strands to the probe sites, and therefore a long hybridization 
time is required [ 3 ]. To address the issue, Wang et al. developed a 
microfl uidic method which used the centrifugal force in a CD-like 
chip to induce a liquid fl ow to facilitate the mass transport and 
delivery of the target strands [ 4 ,  5 ]. In this method, the chip is 
made by sealing two PDMS slabs consisting of channels consecu-
tively to the circular glass chip. First, the PDMS slab consisting of 
radial channels is sealed with the glass chip to create an array of 



134

radially patterned probe lines (Fig.  1 ). Second, after removing the 
fi rst slab, the second PDMS slab consisting of spiral channels is 
sealed with the same glass chip, and the target strands are intro-
duced through the channels (Fig.  2 ). DNA hybridization between 
the targets and the probes occurs at the intersections of spiral 
channels with the radial probe lines. Using this microfl uidic 
method, multiple fungal pathogenic samples, of up to 100, were 
analyzed simultaneously [ 4 ]. Although this method is proved to 
be fast and effi cient, SNP detection entails high-temperature 
hybridization which complicates the experimental procedure. To 
avoid the use of high temperature, SNP detection of target oligo-
nucleotide and PCR products is conducted at room temperature 
using gold nanoparticles (AuNPs) [ 6–8 ]. In this AuNP method, 
the target strands are loaded on the surfaces of AuNPs prior to 
introduction to the channels of the  NBA   chip. Involvement of the 
target bases in binding with the surfaces of AuNPs changes the 
mechanism of DNA hybridization [ 9 ], which favors the target 
binding to the perfectly matched (PM) probe, but not the mis-
matched (MM) probe, and enables the SNP detection without the 
use of high temperature.

    Herein, we report the detailed experimental procedure of  SNP   
discrimination at room temperature in the CD-like  NBA   chip. In 
this method, the DNA probes are introduced into the radial 

Aldehyde glass disk Radial probe lines
with a central hole

1) Sealed against a
radical channel plate 

Peel off PDMS radial
channel plate

2) Flow through
DNA probe solution

Spin the assembly to
drive flows inside channels printed on glass disk

  Fig. 1    Schematic diagram of probe array printing along radial channels in the CD- NBA   chip (reproduced from 
ref. [ 4 ] with permission from Elsevier)       

1) Sealed against
the glass disk with
probe lines

1) Peel off spiral
channel plate

2) Scanned by
fluorescent scanner

2) Flow through DNA
sample solution

Spiral Channel plate
with microchannels

Hybridization at probe-line-
channel intersections

Hybridization results
on the disk

  Fig. 2    Schematic diagram of  DNA hybridization   in the spiral channels in the CD- NBA   chip (reproduced from ref. 
[ 4 ] with permission from Elsevier)       
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channels  of the chip for probe printing. Then, the genomic DNAs 
are amplifi ed using  PCR  , and purifi ed. The DNAs are loaded on 
the surfaces of AuNPs, and introduced into the spiral channels of 
the chip for hybridization.  

2    Materials 

 Prepare all aqueous solutions using ultrapure deionized (DI) water 
(resistance of 18 MΩ/cm at 25 °C). 

       1.    Negative photoresist SU-8 50 and its developer (MicroChem 
Corp, Newton, MA, USA).   

   2.    Circular silicon wafers of 4-in. diameter (Cemat Silicon SA, 
Warszawa, Poland).   

   3.    SYLGARD 184 silicon elastomer kit (Dow Corning Corp., 
Midland, MI, USA).   

   4.    Pyrex crystallizing dish (500 mL).   
   5.    Piranha solution: 70 % of sulfuric acid (98 %) and 30 % of 

hydrogen peroxide (30 %).   
   6.    Photomask: design the channel pattern using a CAD software 

(Visual Basic or L-Edit) and print the photomask at high- 
resolution (>3000 dpi).   

   7.    NOX solution: Dilute concentrated Liqui-Nox (Alconox, 
White Plains, NY, USA) in 10 volumes of DI water.   

   8.    Silicone sealant 732 (Dow Corning Corp., Midland, MI, 
USA).   

   9.    Dimethyldichlorosilane solution (repel silane), 2 % in 
octamethylcyclotetrasiloxane.   

   10.    Spin-coater WS-400 (Laurell Technologies Corp., North 
Wales, PA, USA).   

   11.    Near UV exposure system (Bachur & Associates, San Jose, CA, 
USA).      

       1.    Circular glass chips of 4-in. diameter (Precision Glass & Optics, 
Santa Ana, CA, USA).   

   2.    Sparkleen detergent: Dissolve 10 % of Sparkleen powder in DI 
water in a wash bottle.   

   3.    APTES solution: Prepare 2 % v/v of 3- aminopropyltriethoxysilane 
(APTES) in anhydrous ethanol.   

   4.    PBS buffer 20×: Dissolve 60.00 g NaCl, 2.00 g KCl, 14.4 g 
Na 2 HPO 4  and 2.4 g KH 2 PO 4  in 500 mL of DI water and keep 
the solution at room temperature.   

   5.    Glutaraldehyde solution: Mix 20 mL glutaraldehyde (25 %), 5 
mL PBS 20×, and 75 mL of DI water ( see   Note 1 ).      

2.1   PDMS Chip   
Fabrication

2.2  Surface 
Aldehyde 
Functionalization

High-Throughput DNA Array for SNP Detection of KRAS Gene Using a Centrifugal…
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       1.     Probe   stock solution: Prepare 500 μM DNA probes in DI 
water.  See  Table  1  for probe sequences.

       2.     Immobilization   buffer: Prepare 0.15 M of sodium bicarbonate 
and 1.5 M of NaCl in DI water.   

   3.     Probe   solutions: Mix 2 μL of probe stock solution in 38 μL of 
immobilization buffer.   

   4.    Reduction solution: Add 50 mg sodium borohydride, 0.75 
mL PBS 20×, 0.1 mL Triton X 100 (10 %), 5 mL ethanol 95 % 
in a Falcon tube and dilute the mix with DI water to 20 mL.   

   5.    Blocking solution: Dissolve 20 mg of bovine serum albumin in 
20 mL DI water.   

   6.    In-house built rotating platform.      

        1.    KRAS genomic DNA samples (Horizon Discovery Ltd., 
Cambridge, UK).   

   2.    DNA amplifi cation kit (Life Technologies, Burlington, ON, 
Canada): 10× amplifi cation buffer, dNTP solution, MgCl 2 , 
and Taq DNA polymerase.   

   3.    Forward primer: Prepare 5 μM solution in DI water ( see  Table  1 ).   
   4.    Reverse primer: Prepare 5 μM solution in DI water ( see  Table  1 ).   
   5.    DNA amplifi cation mixture: Mix 10 μL of 10× amplifi cation 

buffer, 10 μL of dNTP solution, 10 μL of forward primer, 6 μL 
reverse primer, 5 μL MgCl 2 , 0.5 μL Taq DNA polymerase, 5 
μL DNA template, and 53.5 μL DI water in a 0.6-mL 
Eppendorf tube.   

   6.    Thermocycler (Perkin Elmer, Waltham, MA, USA).   

2.3   Probe   Array 
Printing

2.4  Polymerase 
Chain Reaction

     Table 1  
  The sequences of probe and primer oligonucleotides   

 Name  Sequence 

 Probes  W  5′-/C12amine/CC TAC GCC ACC AGC 
TCC AAC-3′ 

 A  5′-/C12amine/CC TAC GCC AGC AGC 
TCC AAC-3′ 

 D  5′-/C12amine/CC TAC GCC ATC AGC 
TCC AAC-3′ 

 V  5′-/C12amine/CC TAC GCC AAC AGC 
TCC AAC-3′ 

 Primers  Forward  5′-biotin-TGA CTG AAT ATA AAC TTG 
TGG TAG TTG GAG-3′ 

 Reverse  5′-ATG ATT CTG AAT TAG CTG TAT 
CGT CAA GGC-3′ 

Abootaleb Sedighi and Paul C.H. Li
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   7.    QIAquick nucleotide removal kit: spin columns, buffer PNI, 
buffer PE, buffer EB, and collection tubes.   

   8.    Tabletop microcentrifuge.      

       1.    5-nm gold nanoparticle (AuNP) solution (Sigma Life Sciences, 
Oakville, ON, Canada).   

   2.    Saline sodium citrate (SSC) 10×: Dissolve 44.3 g sodium 
citrate and 87.6 g of NaCl in 1000 mL of DI water and adjust 
the pH to 7 using 0.1 M HCl.   

   3.    Sodium dodecyl sulfate (SDS) 1.5 %: Add 150 mg of SDS solid 
to 15 mL DI water.   

   4.     Target   solutions: Mix 4 μL of purifi ed  PCR   products, 3.5 μL 
of AuNP solution, and 6.5 μL of DI water in a microcentrifuge 
tube. Place the tube in a water bath on a hot plate at 95 °C for 
5 min. Cool down the solution by placing it in an ice bath for 
5 min. Centrifuge the tube. Add 2 μL of SSC 10× and 4 μL of 
SDS 1.5 % and mix.   

   5.    SA-Cy5 solution (50 μg/mL): Mix 5 μL of streptavidin-Cy5 
stock solution (1 mg/L) with 10 μL of Tween 20 (1.5 %) and 
85 μL of DI water.      

       1.    Confocal laser fl uorescent scanner (Typhoon 9410, GE 
Healthcare).   

   2.    IMAGEQUANT 5.2 software.       

3    Methods 

       1.    Place the silicon wafer inside a Pyrex dish and add 100 mL of 
piranha solution to the dish in the fume hood ( see   Note 2 ). 
Place the dish on a hot plate and incubate the solution for 
15 min. at 80 °C. Swirl the dish once every minute.   

   2.    Remove the wafer and rinse it with water, ethanol (95 %) and 
water. Dry the wafer by nitrogen gas.   

   3.    Spin coating: Adjust the center of the silicon wafer on the stage 
of the spin coater and pour ~3 mL of SU-8 at the center of the 
wafer. Spin the wafer at a rate of 500 rpm for 5 s, and then of 
3000 rpm for 30 s to create a SU-8 layer of 35 μm thick on the 
wafer.   

   4.    Soft bake: bake the wafer at 65 °C for 5 min. to remove the 
SU-8 solvent.   

   5.    Create the channel pattern on the coated wafer by covering it 
with the photomask and expose the uncovered SU-8 to UV 
radiation (270 mW/cm 2 ) for 5 s initiate polymer cross-linking.   

2.5  DNA 
 Hybridization  

2.6   Fluorescence   
Detection and  Data 
Analysis  

3.1  Polydimethyl-
siloxane (PDMS)  Chip 
Fabrication  

High-Throughput DNA Array for SNP Detection of KRAS Gene Using a Centrifugal…
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   6.    Hard bake: Bake the wafer at 95 °C for 3 min. to complete the 
polymer cross-linking of the exposed SU-8.   

   7.    Pattern development: Add 20 mL of SU-8 developer solution 
to the wafer in a Pyrex dish to dissolve the unexposed SU-8. 
Shake the solution for 10 min. at room temperature. The 
channel pattern should now show up on the wafer. Thereafter, 
dry the wafer by nitrogen gas ( see   Note 3 ). This is the master 
mold to be used later for PDMS casting.   

   8.    Create a circular border on the wafer around the patterned 
region with silicone sealant 732 and leave the silicone to cure 
for 1 day at room temperature.   

   9.    Prepare 10:1 mixture of PDMS elastomer base to curing agent, 
and leave the mixture at −20 °C for 1 h in order to remove the 
air bubbles introduced during mixing.   

   10.    Treat the surface of master mold with the repel silane solution 
(a release agent) and leave the solution for 5–10 min to dry.   

   11.    PDMS casting: pour the PDMS elastomer mixture on the mas-
ter mold until a layer with 2 mm thickness is attained. Leave the 
elastomer to cure and harden at room temperature for 1 day.   

   12.    Cut the edges of the PDMS slab using a blade and then gently 
demold and release the slab from the master mold surface.   

   13.    Create the chip reservoirs using a sharpened hole punch (gauge 
18 or 1.5-mm diameter). Insert the punch from the channel 
side of the chip. After punching all reservoirs, wash the chip 
with NOX solution and dry it by nitrogen gas.      

       1.    Wash the glass chip with Sparkleen solution and rinse it with 
water.   

   2.    In the fume hood, place the chip inside a Pyrex dish and add 
100 mL of piranha solution ( see   Note 2 ). Place the dish on a 
hot plate and heat the chip in the solution at 80 °C for 15 min. 
Swirl the dish once every minute.   

   3.    Remove the chip and rinse it with water, ethanol (95 %) and 
water. Dry the chip by nitrogen gas ( see   Note 3 ).   

   4.    In the fume hood, place the chip inside a Pyrex dish and add 
100 mL of APTES solution. Purge the solution with nitrogen 
gas. Seal the dish with Parafi lm and incubate at room tempera-
ture for 20 min. Swirl the dish once every minute.   

   5.    Remove the chip from the Pyrex dish. Rinse the chip with 95 % 
ethanol ( see   Note 4 ). Dry the chip by nitrogen gas and incu-
bate it in the oven for 1 h at 120 °C ( see   Note 5 ).   

   6.    Place the glass chip in the Pyrex dish. Add 100 mL of glutaral-
dehyde solution. Put a lid on the dish and place it in the fridge 
for 1 h.   

   7.    Remove the chip from the fridge, wash it with DI water, and 
dry with nitrogen gas.      

3.2  Surface 
Aldehyde 
Functionalization
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       1.    Seal the PDMS slab with radial channels on the aldehyde- 
functionalized glass chip.   

   2.    Add 0.5 μL of probe solution to the inlet reservoirs and the 
CD- NBA   chip and place the chip on the rotating platform. Fill 
the radial channels by spinning the platform at 400 rpm for 3 
min, incubate the solutions inside the channels for 20 min. at 
room temperature, and then drive the solutions out by spin-
ning the chip at 1800 rpm for 1 min.   

   3.    Peel off the PDMS slab, wash the chip with DI water, and dry 
it by nitrogen gas.   

   4.    Put the chip in a Pyrex dish. Add the reduction solution and 
incubate it at room temperature for 20 min. Swirl the dish once 
every minute. Remove the chip and wash it with DI water.   

   5.    Add the blocking solution to the chip in a Pyrex dish and incu-
bate it at room temperature for 15 min. Swirl the dish once 
every minute. Remove the chip, wash it with DI water, and dry 
it with nitrogen gas.      

       1.    Prepare the DNA amplifi cation mixture in an Eppendorf tube as 
given in Subheading  2.4 ,  item 5 . Add 50 μL of mineral oil to 
the top of the mixture and place the tube in the thermocycler.   

   2.    Thermocycling protocol: initiate denaturation at 95 °C for 3 
min, execute 30 cycles of denaturation (95 °C) 40 s, annealing 
(55 °C) for 30 s, and extension (72 °C) for 60 s, and complete 
the reaction at 72 °C (fi nal extension) for 10 min.   

   3.    Remove the tube from the thermocycler. Add 10 volumes of 
Buffer PNI to one volume of the  PCR   product solution and mix.   

   4.    Put a QIAquick column in a tube. Add the  PCR   product solu-
tion to the column and fl ow the solution through by centrifug-
ing the tube at 6000 rpm (3600 rcf) for 1 min.   

   5.    Discard the fl ow-through and place the column back into the 
same tube. Add 750 μL of diluted Buffer PE (mix 6 mL Buffer 
PE with 24 mL anhydrous ethanol) to the column. Centrifuge 
the tube at 6000 rpm for 1 min.   

   6.    Discard the fl ow-through and place the column back in the 
same tube. Centrifuge the tube at 13,000 rpm (17,900 rcf) for 
an additional 1 min ( see   Note 6 ). Place the QIAquick column 
in a clean 1.5 mL microcentrifuge tube. Add 40 μL of DI 
Water to the center of the QIAquick membrane, let the col-
umn stand for 1 min, and centrifuge the column for 1 min at 
13,000 rpm ( see   Note 7 ).      

       1.    Seal the PDMS slab with spiral channels against the glass chip 
printed with radially patterned probe lines.   

3.3   Probe   Array 
Printing

3.4  DNA 
 Amplifi cation   
and Purifi cation

3.5  DNA 
 Hybridization  
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   2.    Add 1 μL of target solutions to the inlet reservoirs of the spiral 
channels and place the chip on the rotating platform. Spin the 
chip at 700 rpm for 10 min.   

   3.    Add 0.5 μL of SA-Cy5 solution to the inlet reservoirs of the 
spiral channels and place the chip on the rotating platform. 
Spin the chip at 1500 rpm for 3 min.   

   4.    Peel off the PDMS slab, wash the glass chip with DI water, and 
dry it with nitrogen gas.      

       1.    Put the glass chip on the Typhoon scanner. Adjust the excita-
tion and emission wavelengths at 633 and 670 nm, respec-
tively. Scan the chip at a resolution of 10 μm (Fig.  3 ).

       2.    Analyze the scanned image using IMAGEQUANT software. 
In order to obtain the signal intensity of the spots: draw a line 
across multiple spots, go to analysis window, and choose “cre-
ate graph.” The signal intensity of each spot is represented by 
a peak. Take the intensity of the baseline beside each peak as 
the background. The corrected signal intensity of each spot is 
the height of the corresponding peak minus the background.       

3.6   Fluorescence   
Detection and  Data 
Analysis  
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  Fig. 3     DNA hybridization   between  PCR   products amplifi ed from four different KRAS samples. Original scanned 
image showing ( a ) 24 spiral × 4 radial channels of CD- NBA   chip, ( b ) the inset inside the blue box and ( c ) the 
resulted histogram. DNA hybridization occurred between PCR products amplifi ed from four different KRAS 
samples and the oligonucleotide probes immobilized on the surface of CD-NBA chip. One of the four samples 
was wild-type (W′) and the other three carried the mutations of G12A (A′), G12D (D′), and G12V (V′) at the 
KRAS gene codon 12       
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4    Notes 

     1.    Glutaraldehyde is toxic and strongly irritant and it should be 
handled with care inside the fume hood. Glutaraldehyde 
degrades at room temperature and it should be stored at 4 °C.   

   2.    Piranha solution is a hazardous and corrosive solution. Handle 
it with extreme caution. Use personal protective equipment 
such as full face shield and heavy-duty gloves. Always add 
hydrogen peroxide to the acid, not vice versa, and add the liq-
uid very slowly.   

   3.    Occasionally, some SU-8 residues remain, and they appear like 
dusts on the master mold surface. These residues can be 
removed by purging the surface with nitrogen gas, rinsing the 
wafer with NOX solution or performing the SU-8 develop-
ment step for a second time.   

   4.    Carefully inspect the chip for any dirt or stain on its surface. 
Repeat the wash and dry step until the surface is clean.   

   5.    APTES-functionalized glass slides should not be in contact 
with water until after the 1-h incubation at 120 °C. Use dry 
glassware in the APTES-functionalization step and the subse-
quent incubation step.   

   6.    Residual ethanol from the Buffer PE will not be completely 
removed unless the fl ow-through is discarded before this addi-
tional centrifugation.   

   7.    Elution effi ciency of the purifi ed  PCR   product is dependent on 
pH. The maximum elution effi ciency is achieved between pH 
7.0 and 8.5.         
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    Chapter 11   

 Single Nucleotide Polymorphisms as Genomic Markers 
for High-Throughput Pharmacogenomic Studies       

     Annalisa     Lonetti    ,     Maria     Chiara     Fontana    ,     Giovanni     Martinelli    , 
and     Ilaria     Iacobucci      

  Abstract 

   Genetic variations in patients have strong impact on their drug therapies and responses because the varia-
tions may contribute to the effi cacy and/or produce undesirable side effects for any given drug. The Drug 
Metabolizing Enzymes and Transporters (DMET) assay is a high-throughput technology by Affymetrix 
that is able to simultaneously genotype variants in multiple genes involved in absorption, distribution, 
metabolism, and excretion of drugs for subsequent clinical applications, i.e., the assay allows for a precise 
genetic map that can guide therapeutic interventions and avoid side effects.  

  Key words     Single nucleotide polymorphisms  ,   Drug metabolizing enzymes and transporters  

1      Introduction 

  Single Nucleotide Polymorphism  s (SNPs) are single-base changes 
at specifi c genetic loci of a DNA sequence that distinguish between 
members of a species. SNPs in human occur in a signifi cant pro-
portion (more than 1 %) of a large population [ 1 ]. SNPs can be 
located in both coding and noncoding DNA sequences, and there-
fore for those located in noncoding regions, the majority of the 
SNPs are of no biological consequence, and only a fraction of the 
SNPs located in the coding regions have functional signifi cance 
[ 2 ]. SNPs are common, great in number, and widely distributed 
throughout the entire human genome with an estimated frequency 
of about 1/1000 base pairs [ 3 ,  4 ]. All these properties of SNPs 
make them suitable genetic markers for high-throughput array-
based approaches and support their clinical applications since SNPs 
might impact disease diagnosis and predisposition. More impor-
tantly, the presence of genetic variations strongly impact drug ther-
apies and responses, by contributing to the effi cacy and/or side 
effects for any given drug [ 5 ,  6 ]. Furthermore, it is important to 
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conduct the investigation of the genetic variations related to the 
absorption, distribution, metabolism, and excretion (ADME) of 
drugs, which is called pharmacogenomics. The main intent of 
pharmacogenomics is to identify personalized therapies in order to 
reduce the inter-individual variability and to improve effi cacy and 
safety of drug therapy [ 5 ]. The  Drug Metabolizing Enzyme   s   and 
 Transporters   (DMET) assay by Affymetrix is an array-based geno-
typing platform that interrogates genetic variants in 231 ADME-
related genes simultaneously. Among these genes, there are genes 
that are related to drug-metabolizing enzymes (thiopurine 
S-methyltransferase or  TPMT , dihydropyrimidine dehydrogenase or 
 DYPD,  and members of the cytochrome P450 family), the UDP 
glucuronosyltransferases (primarily  UGT1A1  and  UGT1A9 ), the 
ATP- binding cassette (ABC) transporters ( ABCB1  or P-glycoprotein, 
and  ABCG2  or breast cancer resistance protein), other novel drug 
transporters (e.g., sulfotransferase), and transcription regulators 
(e.g.,  NR1I2 ), and also genes known to induce other ADME genes 
(e.g.,  PPARD ) [ 7 ]. The DMET genetic markers are collectively 
1936, and they are classifi ed into genotyping markers (biallelic 
SNPs, triallelic SNPs, and insertions/deletions of varying lengths) 
and fi ve regions of copy number variation ( CNV  ) [ 8 ]. The molec-
ular inversion probes (MIP) amplifi cation technology can geno-
type in a single reaction all the interrogated genomic sites [ 9 ]. 
Indeed, DMET array-based genotyping interrogates a suffi cient 
number of polymorphisms related to the ADME of drugs, allow-
ing the identifi cation of clinically signifi cant metabolic profi les for 
the patient-specifi c therapy. Moreover, the collected SNPs data are 
then converted into known haplotypes based on standardized 
nomenclature (i.e., star alleles nomenclature), routinely used in 
pharmacogenomic studies [ 10 ]. This conversion is essential for 
describing and interpreting known haplotypes. In recent times, 
several research groups have successfully used the DMET platform 
to identify genetic profi les that infl uence the sensitivity to specifi c 
therapies [ 6 ,  11 – 15 ].  

2    Materials 

   During the DMET protocol it is essential to use two separate 
rooms to avoid contamination of the samples with amplifi ed  PCR   
products. The pre-Amp Lab is an area free of PCR products (can 
do PCR, but not cleanup of PCR products). In this Lab a fume 
hood is required to perform the multiplex PCR (mPCR), and this 
is called the mPCR Staging Area in the pre-Amp Lab. mPCR is a 
pre-amplifi cation step to amplifi y some genetic markers before they 
join with other markers in the PCR amplifi cation using the highly 
selective MIP technology. The post-Amp Lab is a separate room 

2.1  Laboratory 
Confi guration
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where the steps following PCR are performed. Each of these areas 
and Labs requires dedicated equipment, including pipettes and 
96-well iceless coolers.  

   There are two types of DMET assay packs ( see   Note 1 ) and they 
contain the DMET Plus Reagent kit which consists of the Pre- 
Amp Kit, Labeling Kit, Hyb-Stain Kit, and Panel Kit.

    1.    Pre-Amp Kit consists of pre-amp water, Buffer A, Enzyme A, 
Gap Fill Mix 1 and 2, Exo Mix, Cleavage Enzyme, Universal 
Amp Mix and dNTP mix. Part of these reagents is used to 
make the Anneal Master Mix,  see  Table  1 .

       2.    Labeling Kit consists of  PCR   cleanup mix, post-amp water, 
Frag buffer, Frag reagent, DNA labeling reagent, 5× TdT buf-
fer, and TdT enzyme. Part of these reagents is used to make 
the Labeling Master Mix,  see  Table  2 .

       3.    Hyb-Stain Kit consists of hybridization solution, oligo control 
reagent, stain buffer, and hold buffer.   

   4.    Panel Kit consists of MIP panel, mPCR primer mix, 1× TE buf-
fer, gDNA control 2, and  PCR   dilution buffer.   

   5.    Wash Solution: Wash Solution A and Wash Solution B.   
   6.    DMET Plus Array.   
   7.    GeneChip ®  Fluidics Station 450.   
   8.    GeneChip ®  Hybridization   Oven 640.   

2.2  Affymetrix 
Reagents, Equipment, 
and Software

    Table 1  
  Preparation of the anneal master mix   

 Reagent  Volume of 1 reaction (μL) 

 Pre-amp water  16.6 

 Buffer A  5 

 Enzyme A  0.0625 

    Table 2  
  Preparation of the labeling master mix   

 Reagent  1 Reaction (μL) 

 Post-amp water  0.4 

 5× TdT buffer  7 

 DNA labeling reagent  0.9 

 TdT enzyme  1.7 

 Total  10 

Single Nucleotide Polymorphisms as Genomic…
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   9.    GeneChip ®  Scanner.   
   10.    Affymetric GeneChip ®  Command Console (AGCC) Software.   
   11.    DMET™ Console Analysis Software: provides a fast genetic 

analysis of the data obtained by the DMET™ Plus Reagent kit 
in order to discover the involvement of metabolic pathways in 
drug metabolism.    

         1.    AccuGENE ®  Water (Lonza Group LTD).   
   2.    Molecular biology grade water.   
   3.    Strip tubes.   
   4.    DNA Blood Mini Kit (Qiagen).   
   5.    Quant-iT™ PicoGreen ®  dsDNA Assay Kit (Life Technologies), 

containing λ DNA (100 μg/mL). Several λ DNA standard 
solutions are made according to Table  3 .

       6.    QIAGEN ®  Multiplex  PCR   Kit consists of multiplex PCR mas-
ter mix, Q solution 5×, RNase-free water. The multiplex PCR 
master mix, which consists of HotStar Taq polymerase, dNTPs, 
MgCl 2 , and multiplex PCR buffer, is used to make the mPCR 
Master Mix as shown in Table  4 .

       7.    Streptavidin, R-phycoerythrin conjugate (SAPE).   
   8.    Taq Polymerase (TITANIUM™, Clontech).   
   9.    TE Buffer 1×, pH 8.0.   

2.3  Other Reagents 
and Equipment

     Table 3  
  Serial dilution of λ DNA standard solutions for quantitation of gDNA concentration   

 Serial 
dilution  Standard  TE 1× (μL) 

 Final dilution 
(ng/μL) 

 Final concentration 
(in assay) (ng/μL) 

 30 μL of 100 μg/mL standard  1470  2  1 

 1:2  750 μL of 2 ng/μL standard  750  1  0.5 

 1:2  750 μL of 1 ng/μL standard  750  0.5  0.25 

 1:2  750 μL of 0.5 ng/μL standard  750  0.25  0.125 

    Table 4  
  Preparation of the mPCR mix   

 Reagent  Volume for 1 reaction (μL) 

 Multiplex  PCR   master mix  25 

 mPCR primer mix (3 μM)   5 

 5× Q-solution   5 

 RNase-free water  10 
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   10.    TECAN plate reader (Infi nite 200 PRO).   
   11.    Thermal cyclers.   
   12.    96-well iceless cooler.       

3    Methods 

   To genotype patients affected by hematological malignancies, 
genomic DNAs (gDNAs) are required, and they will be obtained 
from remission samples (the “normal” counterpart). Blood sam-
ples are the major source of gDNA in pharmacogenomic studies. 
However, alternative and valuable gDNA sources might be saliva 
samples [ 16 ].

    1.    Extract gDNA from blood samples using the DNA Blood Mini 
Kit (Qiagen).   

   2.    gDNA concentration should be determined using the 
Quant- iT™ PicoGreen ®  assay, which is an ultrasensitive fl uo-
rescent nucleic acid stain for the detection of double-stranded 
DNA (dsDNA). Prepare an aqueous working solution by mak-
ing a 200-fold dilution of the concentrated PicoGreen ®  reagent 
in 1× TE buffer in a plastic container. For 6 mL of reagent 
solution, add 30 μL of PicoGreen ®  reagent to 5970 μL 1× TE 
buffer. Protect the solution from light.   

   3.    Prepare the λ DNA standard solutions by adding 1470 μL of 
1× TE buffer to 30 μL of the λ DNA standard to obtain a fi nal 
concentration of 2 ng/μL. Proceed with serial 1:2 dilution in 
1× TE buffer to obtain the λ DNA concentration of 1 ng/μL, 
0.5 ng/μL, 0.25 ng/μL,  see  Table  3 .   

   4.    Dilute the extracted gDNA by ten times before quantifi cation 
(i.e., 3 μL gDNA + 27 μL 1× TE buffer). It is because of the 
high sensitivity of PicoGreen assay and the good yield of gDNA 
from the blood samples.   

   5.    Prepare the microplate for gDNA quantifi cation. For λ DNA 
standards, mix 50 μL of each standard solution with 50 μL of 
the PicoGreen working solution. The fi nal λ DNA concentra-
tion in the assay will be 1 ng/μL, 0.5 ng/μL, 0.25 ng/μL, and 
0.125 ng/μL ( see  Table  3 ). Ensure to insert the reagent blank, 
i.e., mixing 50 μL of 1× TE buffer to 50 μL of the PicoGreen 
working solution.   

   6.    For each gDNA sample, mix 10 μL of diluted gDNA with 
40 μL of 1× TE buffer and 50 μL of the PicoGreen working 
solution.   

   7.    For both λ DNA standards and gDNA samples, they should be 
quantifi ed at least in duplicate. Incubate for 2–5 min at room 
temperature. Protect the solutions from light.   

3.1   Genomic DNA   
Preparation
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   8.    Measure the fl uorescence using a Tecan plate reader. Subtract 
the fl uorescence value of the reagent blank from that of the λ 
DNA standard and gDNA samples. Plot the calibration curve 
using the λ DNA standards, and determine the gDNA concen-
tration from the curve.   

   9.    The gDNA samples should be normalized to a single concen-
tration of 60 ng/μL. With the quantifi ed gDNA concentra-
tions, dilute the samples in 1× TE buffer to give a fi nal 
concentration of 60 ng/μL.    

         1.    Start the operation in the pre-Amp Lab at noon. Pay attention 
in working with enzymes because they are temperature- sensitive. 
Keep them at −20 °C until use. Spin down at 13,400 rcf for 30 s 
the enzyme solutions in the tubes to uniformly mix the content, 
and do not vortex. All other reagents should be vortexed after 
thawing and then spun down.   

   2.    Thaw and then place on ice the reagents from the DMET Plus 
Reagent Kit, i.e., mPCR Primer Mix, gDNA Controls, 1× TE 
Buffer, and  PCR   Dilution Buffer.   

   3.    Thaw and then place on ice the reagents from the QIAGEN 
Multiplex  PCR   Kit, i.e., Multiplex PCR Master Mix, 
Q- Solution, and RNase-free water. The Q-Solution contains 
some PCR additives that facilitate amplifi cation of diffi cult 
templates.   

   4.    In the pre-Amp Lab, prepare the Genomic Plate 1 (GP1 plate), 
which consists of 17 μL of each gDNA sample (at a concentra-
tion of 60 ng/μL) and 17 μL of each gDNA control. The 
gDNA controls in the Kit are already normalized to a working 
concentration of 60 ng/μL. The same sample scheme must be 
maintained in each step to facilitate the liquid transfer using the 
multichannel pipettes and to minimize pipetting errors. Seal 
the plate and spin it down at 800 rcf for 60 s. Maintain the plate 
at 4 °C using the 96-well iceless cooler.   

   5.    Prepare the Genomic Plate 2 (GP2 plate). Using a multichannel 
P20 pipette, aliquot 10 μL of 1× TE Buffer and then transfer 
2 μL of each sample or gDNA control from GP1 plate to the 
corresponding well of GP2 plate. Vortex and spin down GP2 
plate. Seal GP1 plate and store it on ice or at 4 °C until use.   

   6.    Prepare the mPCR Mix by adding reagents in the order shown 
in Table  4 .   

   7.    Transfer the mPCR Mix to a reagent reservoir. Aliquot 45 μL 
of the Mix to each well of a new 96-multiwall plate (mPCR 
plate) using a multichannel P200 pipette. Follow the same 
sample scheme of GP1/GP2 plates. Using a multichannel P20 
pipette, transfer 5 μL of each sample/control from GP2 plate 
to the corresponding well of mPCR plate. Seal GP2 plate and 
keep it on ice until the pre-amplifi cation stage is successfully 

3.2  Day 1 Operation: 
Pre-amplifi cation 
and Annealing 
(Pre-Amp Lab)
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completed. Seal, vortex, and spin down mPCR plate, then 
place it on a thermal cycler and run the temperature program 
shown in Table  5 .

       8.    The mPCR products will be diluted twice. Two new plates are 
used for the dilution. After the temperature program is fi nished, 
spin down mPCR plate. In the mPCR Staging Area (i.e., fume 
hood), prepare Dilution Plate 1 (DP1 plate) and Dilution Plate 
2 (DP2 plate). Using a multichannel P200 pipette, aliquot in 
DP1 and DP2 plates 153 μL  PCR   Dilution Buffer to the cor-
responding well of each sample/control in mPCR plate. Transfer 
5 μL of each sample/control from mPCR plate to the corre-
sponding well of DP1 plate and mix slowly by pipetting up and 
down ten times. Then, transfer 5 μL of each sample/control 
from DP1 plate to the corresponding well of DP2 plate, and mix 
slowly by pipetting up and down ten times ( see   Note 2 ).   

   9.    In the Pre-Amp Lab, prepare the Anneal Master Mix by add-
ing reagents from the Pre-Amp Kit in the order shown in 
Table  1 . Pipette up and down the Anneal Mix fi ve times using 
a P1000 pipette set to 900 μL and do not vortex.   

   10.    Prepare the Anneal Plate (ANN plate) by adding 21.7 μL 
Anneal Master Mix per well. Transfer 13.4 μL of each sample 
from GP1 plate to ANN plate (fi nal volume = 35.1 μL). Seal 
and transfer ANN plate to the mPCR Staging Area.   

   11.    Add 5 μL diluted mPCR products from DP2 plate to the cor-
responding wells of ANN plate (fi nal volume = 40.1 μL). Seal 
and transfer ANN plate to the Pre-Amp Lab, vortex, and spin. 
Put the ANN plate on the thermal cycler and start the tem-
perature program shown in Table  6  ( see   Note 3 ):

       12.    At the end of the fi rst 95 °C hold, press “pause” on the thermal 
cycler, remove the ANN plate and put it on an iceless cooler for 
2 min. Then, spin the ANN plate, remove the seal and add 5 μL 
MIP Panel from the Panel Kit to each reaction well (fi nal vol-
ume = 45.1 μL). Seal again the ANN plate, vortex, spin down and 
place it back on the thermal cycler and resume the temperature 
program (Table  6 ). Incubate the samples at 58 °C for 16–18 h.      

   Table 5  
  Temperature program used for pre-amplifi cation of some genetic markers   

 Temperature (°C)  Time  Cycle number 

 94  15 min  1 

 95  30 s  35 
 60  90 s 
 72  45 s 

 72  3 min  1 

 4  Infi nity  1 
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   Start these steps in the morning, immediately after the Anneal 
stage (do not incubate samples for more than 18 h for annealing). 
The day 2 operation starts in the pre-Amp Lab. The fi rst stage 
(Gap Fill Through  Amplifi cation  ) requires adding reagents during 
the thermal cycler reaction and stopping the program at specifi c 
time points. The following stages must be located in the post-Amp 
Lab. Before starting, thaw, spin down, and then place on ice until 
use the dNTP Mix and the Universal Amp Mix, whereas leave the 
Exo Mix, Cleavage Enzyme, Gap Fill Mixes 1 and 2, and the 
TITANIUM Taq Polymerase at −20 °C until ready to use.

    1.    In the pre-Amp Lab, prepare the Gap Fill Mix by mixing 
190 μL Gap Fill Mix 2 and 10 μL Gap Fill Mix 1 in an 
Eppendorf tube. Mix well by pipetting slowly up and down 
and aliquot 14 μL of Gap Fill Mix to each 0.2 mL  PCR   tube of 
an 8-strip tube. Cap and spin down the strip tubes and place 
them in an iceless cooler.   

   2.    Remove ANN plate from the thermal cycler, place the plate in 
an iceless cooler for 2 min and then spin down at 800 rcf for 
60 s.   

   3.    Using a multichannel P10 pipette, add 2.5 μL Gap Fill Mix to 
each reaction well of ANN plate. Seal, vortex, and spin.   

   4.    Prepare the Assay plate (ASY plate) by transferring 12 μL each 
reaction from the ANN plate. Seal and spin the ASY plate.   

   5.    Place the ASY plate in the thermal cycler and run the tempera-
ture program shown in Table  7  ( see   Note 3 ).

       6.    After the fi rst 11 min at 58 °C, pause the thermal cycler, place 
the plate in an iceless cooler for 2 min, and spin down. Remove 
the seal and add 5 μL dNTP Mix to each reaction. Reseal the 
plate, vortex, spin down, and place the plate back on the ther-
mal cycler. Resume the temperature program (Table  7 ).   

   7.    When thermal cycler reaches 37 °C, pause the thermal cycler, 
place the plate in an iceless cooler for 2 min, and spin down. 

3.3  Day 2 Operation: 
Cleanup, 
Fragmentation, 
Labeling, 
Denaturation, 
and  Hybridization  

    Table 6  
  Temperature program for annealing   

 Temperature (°C)  Time 

 20  4 min 

 95  5 s 

 Add 5 μL MIP panel to each well 

 95  5 s 

 58  Infi nity 
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Remove the seal and add 5 μL Exo Mix to each reaction. Reseal 
the plate, vortex, spin down, and place the plate back on the 
thermal cycler. Resume the temperature program (Table  7 ).   

   8.    In the pre-Amp Lab, prepare the Universal Amp Mix by 
directly adding 25 μL of Cleavage Enzyme and 70 μL of Taq 
Polymerase into the Universal Amp Mix Tube. Mix by pipet-
ting up and down ten times.   

   9.    When thermal cycler reaches 60 °C, pause the thermal cycler, 
place the plate in an iceless cooler for 2 min, and spin down. 
Remove the seal and add 30 μL Universal Amp Mix to each 
reaction. Reseal, vortex, spin down the plate, and place it back 
on the thermal cycler. Resume the temperature program 
(Table  7 ).   

   10.    When the program has ended, transfer the sealed ASY Plate to 
the Post-Amp Lab and place it on ice.   

   11.    In the post-Amp Lab, aliquot 2.5 μL  PCR   Cleanup Mix to 
each reaction of the ASY plate. Seal, vortex, and spin down the 
plate, then place it in a thermal cycler and run the temperature 
program shown in Table  8  ( see   Note 4 ).

       12.    Prepare the fi rst QC gel (3 % agarose gel) to identify if the 
gDNA samples have amplifi ed by  PCR  .   

      Table 7  
  Temperature program for  PCR     

 Temperature (°C)  Time  Cycles 

 58  11 min  1 

 Add 5 μL dNTP mix 

 58  11 min  1 

 Add 5 μL exo mix 

 37  15 min  1 

 95  5 min  1 

 Add 30 μL universal amp mix 

 60  5 min  1 

 95  7 min  1 

 95  15 s  22 
 64  15 s 
 68  30 s 

 68  7 min  1 

 4  Infi nity 
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   13.    After the cleanup step, spin down the plate, remove the seal, 
and take 2 μL from each reaction well. Reseal the plate and 
place at 4 °C. For each reaction, prepare a loading sample by 
mixing 2 μL of  PCR   products, 2 μL of 2× loading buffer, and 
8 μL water.   

   14.    Load 10 μL of the loading sample onto the agarose gel and run 
gel electrophoresis at 120 V for 20 min. It should be detected 
for each sample a  PCR   product between 100 and 150 bp to 
ensure good-quality PCR.   

   15.    In the post-Amp Lab, transfer 25 μL of each reaction to a new 
plate for fragmentation and labeling (Frag/Label plate).   

   16.    Thaw and then place on ice the Post-Amp Water and the 
Fragmentation Buffer. Prepare the fragmentation mix by mix-
ing 8.9 μL Post-Amp Water and 1 μL of Fragmentation Buffer 
per sample, and cool the mixture on ice for 5 min. Then, add 
0.0675 μL/sample of Fragmentation Reagent to the mixture, 
then vortex, spin, and place on ice. Add 10 μL fragmentation 
mix to each reaction well ( see   Note 5 ). Seal, vortex, spin, and 
place the plate to thermal cycler to run the temperature pro-
gram shown in Table  9  ( see   Note 6 ):

       17.    Prepare a second QC gel (3 % agarose gel) to check the frag-
mentation reaction to confi rm acceptable fragment size. For 
each reaction well, take 10 μL of sample (from the Frag/Label 
plate) and mix it with 2 μL of 2× loading buffer. Load 10 μL 
of the loading sample onto the agarose gel and run gel electro-
phoresis at 120 V for 24 min. A gel that consists of fragments 
of less than 120 bp with the smear centered on around 50 bp 
shows the good quality in fragmentation.   

   18.    In the post-Amp Lab, prepare the Labeling Master Mix by 
adding reagents in the order shown in Table  2 .   

   19.    Aliquot the Labeling Master Mix into strip tubes (45 μL/
tube) and then add 10 μL of the mix to each sample of the 
Frag/Label plate by using a multichannel P20 pipette. Seal, 
vortex, and spin down the plate, then place it in a thermal 
cycler and run the temperature program shown in Table  10 .

   Table 8  
  Temperature program for  PCR   cleanup   

 Temperature (°C)  Time 

 37  15 min 

 80  15 min 

 4  Infi nity 
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       20.    Before the hybridization step, preheat the  Hybridization   Oven 
to 49 °C with rotation on (35 rpm) ( see   Note 7 ).   

   21.    Equilibrate the DMET Plus arrays to room temperature. Mark 
each array. For each array, insert a 200 μL pipette tip into the 
upper right septum.   

   22.    Thaw the  Hybridization   Solution and Oligo Control Reagent, 
then prepare the Hybridization Master Mix by adding the 
Oligo Control Reagent directly to the Hybridization Solution 
tube. Pour the mix into a reagent reservoir on ice.   

   23.    Prepare the  Hybridization   plate. With a multichannel (P200 
and P20) pipette, aliquot 92 μL of Hybridization Master Mix 
and 8 μL of each sample from the Frag/Label plate ( see  
 Note  8 ). Seal, vortex, and spin the plate, then place the plate 
on a thermal cycler prewarmed at 95 °C. Leave the plate at 
95 °C for 10 min to denature the samples before loading the 
arrays. Then, place the plate in an iceless cooler for 2 min and 
spin the plate.   

   24.    Generate a sample batch registration fi le using the predefi ned 
template provided with the DMET Console (DMET.
TEMPLATE) or using your own created template. The Batch 
Registration File could be a TSV or Excel fi le type and must 
contain sample information, such as sample fi le name, probe 
array type, sample name, source plate, source well, and sample 
type. Scan the array barcodes into this fi le.   

   Table 9  
  Temperature program for fragmentation   

 Temperature (°C)  Time 

 37  15 min 

 95  15 min 

 4  Infi nity 

   Table 10  
  Temperature program for labeling   

 Temperature (°C)  Time 

 37  60 min 

 95  15 min 

 4  Infi nity 
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   25.    Upload the Batch Registration File to Affymetrix GeneChip ®  
Command Console™ (AGCC) software and click “save”. The 
message “Batch Array Registration is complete” is displayed.   

   26.    In each array, inject 95 μL of denatured sample via the pipette 
tip. Remove it from the upper right septum of each array and 
cover both the array septa with adhesive spots.   

   27.    Place the array in the hybridization oven and allow to hybrid-
ize at 49 °C and 35 rpm for 16–18 h ( see   Note 9 ).   

   28.    Thaw the Stain Buffer and Hold Buffer at 4 °C overnight.    

         1.    Prime the Fluidics Station, install the Wash Solution A and B 
bottles and fi ll the dH 2 O container. Then, run the PRIME_450 
script in the AGCC software.   

   2.    Prepare SAPE Stain Solution by adding 90 μL of SAPE to the 
Stain Buffer tube. Mix by inverting the tube. Keep the mix at 
room temperature and protect it from light.   

   3.    Setup the Software and the Fluidics Station according to the 
appropriate DMET protocol to wash and stain DMET Plus 
Arrays.   

   4.    Wash no more than eight arrays in the Fluidics Station at any 
time, leave remaining arrays in the hybridization oven. Before 
washing, remove the adhesive spots from each array. Wash and 
stain arrays.   

   5.    Warm up scanner for 10 min, then remove arrays from fl uidics 
station and cover again both septa with adhesive spots (do not 
cover the window). Load arrays onto scanner and scan 
( see   Note 10 ).      

       1.    After scanning the DMET Plus Arrays, the fi les containing the 
data of hybridization intensity (CEL fi les) are generated by the 
AGCC software. Analysis fi les can thereafter be downloaded 
within DMET Console.   

   2.    To start analyzing data in DMET™ Console, fi rst create a 
workspace and add one or more datasets to the workspace. 
A  dataset points to a collection of sample fi les (ARR), intensity 
fi les (CEL), and genotyping fi les (CHP). The CEL fi les are 
loaded in a new workspace and dataset are then converted to 
genotype calls (CHP fi les).   

   3.    The CHP fi les get through the automatic  Quality Control   
(QC), where the console divides the results in two groups: “In 
Bounds” and “Out of Bounds” depending on the default QC 
call rate threshold of 98 %. This means that samples with a QC 
call rate >98 % are “In Bounds” and samples with a call rate 
<98 % are “Out of Bounds.”   

3.4  Day 3 Operation: 
Stain, Wash and Scan

3.5  Analysis of DMET 
Data by the Affymetrix 
DMET™ Console 
Analysis Software

Annalisa Lonetti et al.



155

   4.    Once the selected CHP fi les pass sample QC, the user can use 
a predefi ned marker list, or create one, to adapt the signal 
boundaries to the behavior of the samples.   

   5.    The genotypes are translated into haplotypes alleles (i.e., 
SULT2B1_40556C>T) for many genes using the star allele 
nomenclature and then into a metabolizer condition which 
reveals the level of metabolic activity of the related enzyme.   

   6.    The DMET™ Console software presents the genotyping 
results in the CHP Summary, Marker Summary, and Copy 
Number Summary tables [ 17 ]. The Marker Summary cluster 
graph is an X − Y scatter plot of the signal data for the selected 
marker across all CHP fi les in the user-selected results group 
(Fig.  1 ). Prior to genotyping, the DMET™ Plus array summa-
rized signals are transformed using the “Minus vs. Average” 
signal transformation.

       7.    The marker summary cluster is summarized by the call codes 
listed in Table  11 . The data in Fig.  1  include numerous AA, 
AB, BB calls, and one noCall, in which A represents the T allele 
and B represents the C allele of the  SULT2B1 _40556C>T 
mutation of the sulfotransferase  SULT2B1  gene.

       8.    A concordance check is used to compare the genotype results 
(CHP) with the reference data and help the user to evaluate 
data quality. The reference data can be text fi les (TXT) or 

  Fig. 1    Marker Summary cluster graph. The cluster graph displays the signal data for the marker selected by 
the user in the Marker Summary Table ( SULT2B1 _40556C>T). The genotype calls (AA, AB, BB, and noCall) are 
identifi ed by color and shape ( see  Table  11 ). The graph legend uses abstract allele names, which is how the 
calls are stored in the genotype result fi les (CHP). In order to interpret these codes, the graph also displays the 
actual allele name:  SULT2B1 _40556C>T(L213L) on the reported strand (which is intended to be the gene cod-
ing strand)       
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 genotype results (CHP). The genotypes that are not found in 
both fi les, as well as genotypes reporting “NoCall” or 
“NotAvailable” for at least one of the two compared fi les, are 
excluded from the comparison.   

   9.    The software shows the results in tables and graphs [ 17 ], so 
the user can:

 ●    Quickly identify possible rare alleles or missing data.  
 ●   Identify haplotype and probe-level sequence variation in 

the test samples relative to a standard reference sequence.  
 ●   Identify variation at other genes in the panel that impart 

functional or structural changes to the gene product.  
 ●   Annotate the reported genotypes across probes to indicate 

genomic, mRNA, or peptide changes resulting from any 
observed variation in the analyzed samples.  

 ●   Extract known functional or structural variants in a DMET 
profi le to identify and summarize genes of potential altered 
activity.  

    Table 11  
  Call codes used in the marker summary cluster graph   

 Call  Description 

 AA, BB, CC  Homozygous call for the respective allele, in which the algorithm applied a two 
copy number model 

 AB, AC, BC  Heterozygous call for the respective alleles, in which the algorithm applied a 
two copy number model 

 A, B  Hemizygous call for the respective allele, in which the algorithm applied a one 
copy number model 

 For the DMET™ Plus array, these calls are only made for males on the X 
chromosome 

 Zero copy number  The algorithm determined that this marker is in a chromosome region that does 
not exist in this sample’s DNA (zero copies of this marker) 

 PossibleRareAllele  The algorithm assigns this call to a genotype that was either never observed or 
very rarely observed in the training data that was used to derive the 
predefi ned genotype models 

 A PossibleRareAllele call is made when the number of observations of the 
genotype in the training data is below the minimum number of prior 
observations specifi ed in the analysis confi guration used for genotyping 

 NoCall  The further a data point drifts from the expected cluster location, the less 
confi dence the call is correct. If the confi dence of a call is below the 
confi dence threshold specifi ed in the analysis confi guration used for 
genotyping, the call is reset to NoCall 
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 ●   Predict general gene activity based on detected diplotypes.  
 ●   Integrate missing data into fi nal study summary reports with 

the use of an Override Report.         

   This software was developed at the Department of Medical and 
Surgical Sciences, Magna Graecia University of Catanzaro, Italy. 
The software is freely available for academic purposes at   https://
sourceforge.net/projects/dmetanalyzer/fi les/    . DMET-Analyzer 
lacks the quality control capabilities available in DMET Console 
and the possibility to manage Affymetrix binary fi les directly. The 
tool allows the following operations.

    1.    Automate the workfl ow of analysis of DMET- SNP   data avoid-
ing the use of multiple tools [ 18 ]. The user can prepare his/
her own dataset in both excel fi le and delimited table fi les. The 
software is able to fi nd the class-labels directly from the input 
fi les. DMET Analyzer automatically selects the relevant SNPs. 
In fact, the software includes several statistical software, such as 
the Fisher’s test to check the association among the presence 
of SNP and the classes already determined, the Bonferroni test 
and False Discovery Rate to get better statistical signifi cance of 
results, the Hardy-Weinberg calculator to analyze the linkage 
disequilibrium, and the Pearson’s chi-square test to calculate 
the deviation from the Hardy-Weinberg equilibrium and to 
determine the signifi cance of the deviation.   

   2.    Automate the annotation of DMET- SNP   data and to search in 
existing databases for SNPs (e.g., dbSNP) [ 19 ].   

   3.    Associate  SNP   with pathways through the search in PharmaGKB, 
a major knowledgebase for pharmacogenomic studies.    

4       Notes 

     1.    There are two DMET assay packs and they are the DMET™ 
Plus Premier Pack and the DMET™ Plus Starter Pack. They 
contain the same types of reagents: the DMET™ Plus Starter 
Pack contains suffi cient reagents for eight reactions (7 samples 
and 1 control), but the DMET™ Plus Premier Pack contains 
suffi cient reagents for 48 reactions (45 samples and 3 controls).   

   2.    Dilution Plate 1 (DP1) and Dilution Plate 2 (DP2) should be 
maintained at 4 °C in a 96-well iceless cooler.   

   3.    Pay attention to the time when the program in the thermal 
cycler must be paused to add specifi c reagents.   

   4.    The thermal cycler for the Cleanup Mix must be located in the 
post-Amp Lab. Do not return the  PCR   products to the 

3.6  Analysis of DMET 
Files by DMET 
Analyzer Software
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 pre- Amp Lab to avoid contamination with mPCR products 
and samples.   

   5.    During the fragmentation step, it is essential to work on ice to 
maintain the reagents, mix and samples (on Frag/Label plate) 
cool, and work quickly to avoid the reaction to start 
prematurely.   

   6.    Place the Frag/Label plate onto the thermal cycler only when 
the temperature is exactly 37 °C.   

   7.    Accurate hybridization temperature (49 ° C) is critical for this 
assay.   

   8.    The Frag/Label plate can be stored at –20 °C for up to 1 
week, if hybridizations need to be repeated.   

   9.    When working with a large number of samples load multiple 
arrays and place them in the hybridization oven at the same 
time to reduce the effect of oven temperature changes on the 
hybridization results on different arrays.   

   10.    Before scanning, inspect each array for the presence of bubbles 
and for blemishes/dirt/marks on the array window.         
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    Chapter 12   

 DNA Microarray-Based Diagnostics       

     Mahsa     Gharibi Marzancola    ,     Abootaleb     Sedighi    , and     Paul     C.  H.     Li      

  Abstract 

   The DNA microarray technology is currently a useful biomedical tool which has been developed for a 
variety of diagnostic applications. However, the development pathway has not been smooth and the tech-
nology has faced some challenges. The reliability of the microarray data and also the clinical utility of the 
results in the early days were criticized. These criticisms added to the severe competition from other tech-
niques, such as next-generation sequencing (NGS), impacting the growth of microarray-based tests in the 
molecular diagnostic market. 

 Thanks to the advances in the underlying technologies as well as the tremendous effort offered by the 
research community and commercial vendors, these challenges have mostly been addressed. Nowadays, 
the microarray platform has achieved suffi cient standardization and method validation as well as effi cient 
probe printing, liquid handling and signal visualization. Integration of various steps of the microarray assay 
into a harmonized and miniaturized handheld lab-on-a-chip (LOC) device has been a goal for the microar-
ray community. In this respect, notable progress has been achieved in coupling the DNA microarray with 
the liquid manipulation microsystem as well as the supporting subsystem that will generate the stand-alone 
LOC device. 

 In this chapter, we discuss the major challenges that microarray technology has faced in its almost two 
decades of development and also describe the solutions to overcome the challenges. In addition, we review 
the advancements of the technology, especially the progress toward developing the LOC devices for DNA 
diagnostic applications.  

  Key words     DNA microarray  ,   Stand-alone lab-on-a-chip ( LOC  ) device  ,   Diagnostic tool  ,    Microfl uidics    , 
  Label-free detection  ,    Nanoarrays    

1      Overview 

 The DNA microarray has achieved signifi cant progress in both 
application and technology ever since it was fi rst introduced in 
1995 by Schena et al. [ 1 ]. This fi rst microarray was fabricated by 
spotting or printing various complementary DNAs (cDNAs) on a 
glass microscope slide via a robotic printer and the microarray was 
used to monitor the differential expression of many genes in paral-
lel. There are three major applications of the microarrays. First, 
the microarray platform, especially in the early years of developments, 
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has been used to obtain clinically relevant information from the 
gene expression levels [ 2 ]. For example, the microarray data were 
used to differentiate between cancer subtypes, to provide prog-
nostic information (e.g., likelihood of recurrence or metastasis) 
and predictive information (e.g., effi cacy of chemotherapy). 
Second, the microarrays have been developed for genotyping to 
characterize the DNA (or RNA) in order to detect human gene 
mutations (or characterize viral pathogens). While simple geno-
typing arrays consist of hundreds of features or spots, complex 
arrays utilize thousands of features to investigate mutations in 
many genes or to characterize multiple sequences in the pathogen 
genomes. Third, the microarrays are used to conduct the array-
based comparative genomic hybridization (array-CGH) which 
provides a  high- resolution tool for screening copy number varia-
tions ( CNV  ) in the whole genome and offers several advantages 
over classical techniques [ 3 ]. In addition to the various novel 
applications, the microarray platforms experienced many technical 
advances after the commercial vendors took over the develop-
ments. For instance, the probes to be immobilized on the micro-
arrays have shifted from cDNA to short oligonucleotides, and 
they were either pre- synthesized or synthesized in situ. These oli-
gonucleotides demonstrated a higher specifi city than cDNA 
probes. Glass is still the predominant substrate used in the micro-
array platform, but materials such as silicon and polymers have 
also been used as the microarray substrate. In terms of signal 
transduction to generate the microarray data, label-free detection 
techniques have also been developed [ 4 ]. 

 Although the microarray technology should have a high poten-
tial for clinical applications, it has not experienced a smooth path 
of development. There are numerous challenges, more on biosta-
tistics than on technical issues. One challenge is that the microarray 
data have notoriously been considered as being “noisy” [ 5 ]. The 
reproducibility of the data and the validity of the data interpreta-
tion reported by prominent microarray studies have been criticized 
because of a lack of appropriate standardization, adequate quality 
control measures and reliable data processing [ 6 ]. The uncertainty 
about the validity of the microarray data interpretation hindered 
the approval of array-based clinical tests by regulatory organiza-
tions as well as the subsequent adoption of the tests by clinical 
communities. The concerns about the validity of the microarray 
data interpretation is more serious in applications such as the intro-
duction of new biomarkers (e.g., expression profi ling), rather than 
in applications such as genotyping which are dealing with preexist-
ing biomarkers. 

 Another challenge of microarray-based tests is the advent of 
the competitive  PCR  -based and sequencing-based tests. For 
instance, simple microarray tests, when only a few genes are being 
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monitored or a limited number of mutations are being interro-
gated, have to compete with the well-known PCR-based tests. On 
the other hand, complex microarray tests, which provide large 
amounts of information unattainable by PCR-based techniques, 
are facing a strong competition with the newly emerged next- 
generation sequencing (NGS) techniques. They generate detailed 
information about the whole genome with the prices that have 
been tremendously lowered in recent years [ 7 ]. 

 This chapter is dedicated to discuss the major challenges that 
the microarray technology has faced in the pathway of its growth 
since its inception. We also highlight the progress that has been 
achieved by the research and commercial communities to over-
come the obstacles.  

2      Reliability   of  Microarray   Data 

 Since the advent of the DNA microarray technology, some con-
cerns have been raised regarding the reliability and reproducibility 
of the microarray data [ 6 ,  8 ]. A meta-analysis was performed on 
the reproducibility of the data of seven large scale studies on cancer 
prognosis that used microarray-based expression profi ling [ 8 ]. 
Surprisingly, in fi ve of these studies the reported data were not 
reproducible. The analysis of the other two studies provided much 
weaker prognostic information than given by the original data [ 8 ]. 
Following the awareness about the shortage of standardization 
measures, the scientifi c community put much effort in preparing 
appropriate standards, controls and tools [ 9 ,  10 ]. Aiming to pro-
vide a basis for reporting the microarray results, the standard called 
MIAME (minimum information about a microarray experiment) 
was proposed [ 9 ], which ensured that the microarray data can be 
easily interpreted and independently verifi ed. Commercial vendors 
of the microarray platforms improved their technologies over the 
years, and they also set up a series of quality control measures to 
enhance the reproducibility and accuracy of the data produced by 
their products. Together with the regulatory agencies, the vendors 
started the MAQC ( Microarray   quality control) project [ 10 ], 
which established thresholds and metrics for inter-platform com-
parison of microarray data. 

 In microarray analysis, especially in gene expression profi ling 
where a massive amount of information is commonly produced, it 
is critical to provide the biological interpretation with statistical 
signifi cance. In order to decide if a gene is outcome-related, the 
expression level of the gene in the patient sample is usually com-
pared with the one from a normal sample, and a fold-change and 
clustering analysis are used to provide the biological interpreta-
tions, e.g., class comparison or prediction of the disease in cancer 
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patients [ 6 ]. However, the expression levels of the genes naturally 
vary between different individuals and between different samples 
from the same individual [ 8 ]. Hence, a simple fold-change statistic 
does not account for the variability across specimens, leading to 
false positive outcomes. For instance, in 2007, Dupuy and Simon 
who reviewed 23 studies that reported results of outcome-related 
gene-fi nding analyses found out false-positive results in nine of 
them [ 5 ]. Because of the recent advances in bioinformatics, valid 
data analyses are currently available. The so-called supervised data 
interpretation methods are able to make distinctions among the 
specimens based on predefi ned information and to create valid 
information for clinical decision-making [ 6 ].  

3    Microarrays Integrated with the  LOC   Devices 

 Integration of various steps of microarray assay in a miniaturized, 
portable and stand-alone lab-on-a-chip ( LOC  ) device is a crucial 
requirement for a variety of applications, especially point-of-care 
(POC) diagnostics [ 11 ]. Current microarray technologies use sepa-
rate instruments for sample preparation,  DNA hybridization  , signal 
visualization and data interpretation. Moreover, some of these com-
ponents such as the fl uorescent scanners used for signal visualiza-
tion are bulky instrument that are only available in well-equipped 
laboratories. The development in sampling and detection technolo-
gies certainly accelerates the process of integration. For instance, 
some of the sample preparation steps for sample labeling can be 
avoided when label-free detection approaches are used [ 12 – 14 ]. 
 Miniaturization   of the microarray spots also alleviates the need of 
fl uorescent scanning and so no bulky fl uorescent scanners are 
required. More importantly, with the aid of microfl uidic network, 
all steps of the microarray test can be integrated in a single minia-
turized device. In the following section, we will present the advances 
and challenges in developing the technologies required for the 
microarray tests to be integrated in a stand-alone LOC device. 

   The developments in the microlithography techniques have 
enabled microfl uidics which is used to create  LOC   devices [ 15 , 
 16 ]. Coupling the microfl uidic operations with microarray assays 
potentially adds precious value to them. One obvious benefi t of 
microfl uidic liquid-handling is the reduced sample and reagent 
consumption due to small micrometer-sized channels. In addition, 
the highly effi cient and controllable pressure-driven fl ow for liquid 
handling and delivery in these microchannels allows for integration 
of different steps of microarray assays that are essential to imple-
ment the portable LOC devices [ 17 ]. More importantly, the target 
molecules in the samples are delivered to the probe spots in the 

3.1   DNA Microarray   s   
Combined 
with  Microfl uidic   
Networks
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microarrays using the convective fl ow, in additional to diffusion, 
and thereby reducing the hybridization times from hours to min-
utes. Furthermore, the benefi t of the microfl uidic microarray LOC 
device is in its potential on high sample throughput as well as suf-
fi cient number of probes. Conventional microarray experiments 
usually allow 1–10 samples to be applied on one chip [ 18 ], and so 
replicate analysis will require multiple chips. As discussed in 
 Subheading    2  , one of the challenges of DNA microarrays is the 
inevitable variations among samples [ 6 ], and these variations make 
replicate analysis of several samples necessary, and therefore the 
multi-sample analysis capability of the microfl uidic microarray 
chips is highly valuable. 

 There are two ways to conduct the microarray analysis in the 
microfl uidic chips, either in the microfl uidic chambers or in the 
microfl uidic channels [ 19 – 21 ]. First, large microfl uidic chambers 
are used to enclose the area that is pin-spotted with arrayed probes, 
where the sample DNA molecules are hybridized with the probe 
molecules [ 22 ]. These chambers are compatible with both low- 
density and high-density microarrays, but it is always a challenge to 
design how the liquid will fl ow uniformly over the large chamber 
in such a way to achieve an equally distributed liquid movement 
across the arrays. Second, the microfl uidic channels are used and 
they provided a better fl ow control of target solutions over the 
probe arrays. Various microfl uidic chips containing straight and 
serpentine microchannels have been implemented, mainly for low- 
density microarrays [ 23 ]. In these cases, the pin-spotted probe 
regions are usually enclosed along the channel length of the micro-
chips. Especially in the second way of conducting the microarray 
experiments, the microfl uidic operations benefi t the effective inter-
actions between the target molecules in the sample solutions and 
the probe molecules immobilized on the channel surfaces due to 
the use of a dynamic fl ow. 

 In addition to benefi t effective sample delivery, the dynamic 
microfl uidic fl ow is used to facilitate the probe printing on the 
microarray surface in a uniform manner. The performance of 
hybridization in the microarray assay is heavily infl uenced by the 
morphology of the printed spots on the chip surface. However, 
since the probe solutions are exposed to air in the conventional 
probe-spotting method using pins, the solutions are subject to 
various problems, such as splashing, uneven evaporation and cross 
contamination [ 24 ], leading to unacceptable spot morphology. 
Even worse, during the blocking and cleaning procedures after 
probe-spotting, the unreacted probe molecules could diffuse away 
from the spot locations and smear to form comet-like spots 
[ 16 ,  25 ]. Furthermore, since the dynamic-fl ow hybridization is to 
be used with the spotted microarray, additional apparatus such as 
steel clamps must be used to ensure that the entire hybridization 
microchannel is well sealed and aligned to the probe rows [ 16 ]. 
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These problems would be resolved by using the microchannel net-
work for microprinting the probes, resulting in high homogeneity 
of the probe regions printed on the microfl uidic microarrays. For 
instance, Wang et al. used a network of microchannels in two steps: 
fi rst for probe printing and second for  DNA hybridization  , pro-
ducing the 2D microarrays [ 20 ]. In the fi rst step of this method, 
called the 2-step intersection approach, the probe solutions fl owed 
in the horizontal microchannels, in the fi rst polydimethylsiloxane 
(PDMS) slab sealed with a glass chip, in order to print an array of 
horizontal probe lines on a glass chip surface. In the second step, 
the target solutions fl owed in the vertical channels, in the second 
PDMS slab sealed with the same glass chip, in order to hybridize 
with the spotted probes at the intersections between the vertical 
microchannels and the horizontal probe lines. The 2D microfl uidic 
microarray is well suited for parallel sample hybridizations and, 
unlike the low-density DNA microarray spots printed by pins, the 
use of long and narrow probe line in microfl uidic microarrays alle-
viates the need of time-consuming alignment between the hybrid-
ization channels and the printed probes. 

 The 2D microarrays can be used for many diagnostic applica-
tions. Since in many of these applications that deal with many sam-
ples, once a relatively small number of gene mutations or single 
nucleotide polymorphisms (SNPs) are identifi ed, low-density 
microarrays can be employed to screen these mutations across 
many patient samples. This low-density microarray approach has 
been demonstrated to be reliable, cost-effective, and fast in data 
analysis and interpretation [ 26 – 28 ]. In order to perform  SNP   anal-
ysis for the KRAS mutation on the chip, Sedighi et al. replaced the 
regular free DNA targets by the gold nanoparticle-loaded targets 
to enhance the specifi city of  DNA hybridization   reactions on the 
chip surface [ 28 ,  29 ]. 

 So far, the dynamic fl ow used in microfl uidic microarray chips 
has been achieved by pressure. An alternative to the pressure- driven 
fl ow is to achieve liquid pumping by centrifugal forces. Centrifugal 
pumping used for dynamic liquid fl ow has several advantages such 
as easy implementation and insensitivity to the physiochemical 
properties of the liquid. Using centrifugal force, the liquid can be 
transferred in a parallel manner in multiple channels of a disk-like 
chip by spinning it. Furthermore, the implementation of centrifugal 
force by disk spinning is compatible with the CD/DVD technology 
and its related industries which have been well developed. In most 
of the reported applications that utilize the centrifugal platform, 
only the radial channels are used for liquid handling and delivery. 
For instance, Bin et al. reported a CD-like device capable of gener-
ating the fl ow of DNA samples within the twelve PDMS micro-
channels for DNA sample delivery to the 1D microarray (Fig.  1 ), 
with the sample hybridization time reduced to 15 min and the 
 sample volume as low as 1.5 μL [ 30 ]. However, this format for 
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centrifugal  liquid delivery has a design limitation because there is 
not enough space to accommodate the multiple fl uid structures in 
the radial format [ 11 ]. For example, if the centrifugal platform is 
built on a 92-mm CD with a 15-mm center spindle hole, the maxi-
mum limit of the length of a radial microchannel is 38.5 mm. For 
such a short microchannel, the capillary effect may dominate the 
liquid fl ow and the fl ow velocity cannot be easily controlled. More 
importantly, by using  centrifugal pumping only once in the radial 
direction, the intersection method cannot be applied to generate 
the 2D microfl uidic microarray.

   To integrate centrifugal pumping with the 2D microarray, 
Peng et al. exploited the centrifugal force twice based on 
the sequential use of two chips with specially designed channels in 
order to create a 2D microarray [ 31 – 33 ]. As shown in Fig.  2 , in 
addition to the radial microchannels, which were used for probe 
printing, spiral microchannels were employed to implement target 
hybridization by the intersection method. In this method, a PDMS 
slab containing radial microchannels was fi rst sealed against the 
glass disk and used for printing the radial probe line arrays on the 
disk. After the fi rst slab was removed, a second PDMS slab that 
consisted of the spiral microchannels was sealed against the same 
disk, and  DNA hybridization   occurred at the intersections between 
the spiral microchannels and the radial probe lines. Dynamic target 
delivery facilitated by the centrifugal force can be conveniently 
controlled and synchronized [ 31 – 33 ]. The 2D microarrays gener-
ated using CD microfl uidics also demonstrated a high sensitivity 

  Fig. 1    ( a ) The photograph of the PDMS-glass CD-like chip. ( b ) The two-layer structure of the microfl uidic chip 
including a top PDMS slab containing 12 hybridization microchannels, and a bottom glass disk with the immo-
bilized 1D microarrays. ( c ) The DNA arrays for phenylketonuria (PKU) screening for R243Q and V245V muta-
tions as well as the negative control probes (reproduced from ref [ 27 ] with permission from Elsevier       
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and specifi city for DNA analysis [ 34 ,  35 ]. So far, a higher spot 
density (384 × 384) has been achieved for the high-throughput 
microarray analysis on a 92-mm CD-like glass disk [ 36 ].

       Fluorescence   detection is commonly used for DNA microarray 
assays, in which the sensitivity and stability of the detection method 
have vastly improved over the years due to the discovery of new 
fl uorescent dyes and more effective labeling techniques [ 37 ]. 
However, bulky fl uorescent scanners are still required to achieve a 
high sensitivity and resolution, which is a limitation to the minia-
turization requirement for  LOC   device developments. The effi -
ciency of target labeling and fl uorescence quenching of the dye 
also affects the reproducibility of the results [ 38 ]. In addition, 
fl uorescent labeling of the target molecules adds complications and 
cost to the assays, and so several approaches have recently been 
developed in order to avoid target labeling [ 38 ]. 

 One novel approach is the use of molecular beacon (MB) that 
takes advantage of both the sensitivity of fl uorescence detection and 
convenience of no target labeling. However, the MB probes are still 
labeled [ 39 ], and they are single-stranded nucleic acids that retain a 
stem-and-loop structure and keep a pair of fl uorophore- quencher 

3.2  Advances 
in Detection 
Techniques

  Fig. 2    2D microfl uidic microarray analysis using the intersection method. Printing of DNA probes using the 
radial channel chip 1, with 24 DNA probe lines printed ( solid radial lines  marked by a–x). DNA  Hybridization   
using the spiral channel chip 2, with four samples fl owing through the four spiral channels (hollow spiral chan-
nels marked by 1–4). Liquid fl ow in spiral channel 1 was indicated by  black  color and the  two arrows . 
Hybridizations occur at the intersections of the spiral channels and radial probe lines (reproduced from ref. [ 28 ] 
with permission from Elsevier)       
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at both ends of the stem strand in close proximity and thus the 
 fl uorescence emission of the fl uorophore is quenched. In the pres-
ence of a non-labeled target molecule, the loop-region of MB probe 
hybridizes to the target, while the stem opens up and fl uorescence 
of the fl uorophore occurs when the quencher moves away [ 39 ]. 

 Other novel detection techniques, based on the optical, elec-
trochemical and microwave properties of the target molecules, 
have also been developed in order to alleviate the need of target 
labeling [ 38 – 43 ]. Surface plasmon resonance imaging (SPRi) is an 
attractive detection approach for microarrays because none of the 
targets or probes requires labeling, and thus this is a true label-free 
detection [ 40 ]. Moreover, Özkumur et al. developed the spectral 
refl ectance imaging biosensor (SRIB) for high-throughput analysis 
of SNPs on a glass microarray chip [ 43 ]. This technique, which is 
based on optical interferometry, has allowed the single-nucleotide 
mismatched target oligonucleotides to be distinguished from per-
fectly matched ones, through dynamic data acquisition during the 
washing step using a low ionic concentration buffer [ 43 ]. 

 Furthermore, an electrochemical technique using multiwalled 
carbon nanotubes (MWNT) nanoelectrode arrays was developed 
by Koehny et al. to detect unlabeled  PCR   amplicons [ 41 ]. In this 
technique, with the aid of Ru(bpy) 3  2+ , the guanine bases in the 
DNA targets serve as the signal transduction moieties, providing 
an amplifi ed anodic current associated with the oxidation of gua-
nine groups at the nanoelectrode surface. The abundance of gua-
nine bases in the target strands led to a high sensitivity and low 
detection limit, i.e., less than ~1000 target amplicons on a 
microspot are detectable. Another label-free detection is near-fi eld 
scanning microwave microscopy (NSMM), which has been used 
by Lee et al. for detection of both DNA and RNA molecules [ 42 ]. 
NSMM monitors the microwave refl ectance, which is dependent 
on the length and surface coverage of the nucleic acid strands, as 
well as on the hybridization state of the molecules (e.g., unhybrid-
ized single-stranded probe vs. hybridized double-stranded). The 
NSMM technique has demonstrated an acceptable resolution 
(potentially less than 50 μm) and a sensitivity comparable to fl uo-
rescent detection [ 42 ].  

   A major challenge in developing portable microarray devices is the 
need of large-format fl uorescent scan. It is because the fl uores-
cence detector, which utilizes a high numerical-aperture (NA) 
microscopic objective in order to detect the weakly fl uorescent 
microarray spots, has a narrow fi eld of view and so covers only a 
few microarray spots.  Miniaturization   of the microarray features in 
such a way that the whole array would be visible in the fi eld of view 
of the high NA objectives would render the scanner unnecessary. 
Other than alleviating the need for a scanner, miniaturized arrays 

3.3   Miniaturization   
of  Microarray   Features
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also favor fast mass and heat transport, and therefore reduce the 
assay time [ 44 ]. 

 Creating an array with sub-micrometer features requires very 
accurate probe printing techniques with nanometer resolutions. 
Among different nanoprinting methods, the scanning probe 
microscopy (SPM)–based technique received a high level of atten-
tion in this regard. The SPM-based technique produces probe 
printing in a high positioning precision and also its non-vacuum 
operational condition is compatible with biomolecules [ 45 ]. As an 
example of this technique, Demers et al. used dip-pen nanolithog-
raphy (DPN) to directly couple hexanethiol-modifi ed oligonucle-
otides on the gold surface, and acrylamide-modifi ed oligonucleotides 
on silica substrates [ 46 ]. They managed to reduce the size of the 
microarray features to 100 nm which allows an array containing 
~100,000 features to be generated in an area compatible with the 
size of a typical AFM scanner [ 46 ]. Despite the extremely high res-
olution of DPN, this technique is intrinsically serial, and thus a sig-
nifi cant amount of time must be allocated in order to generate the 
microarrays [ 47 ]. Nanoimprint lithography (NIL) is another 
approach employed for the reduction of feature dimensions in 
microarrays. In NIL, probe oligonucleotides were either synthe-
sized in-situ on the chemically modifi ed nanostructures created on 
a polymer surface [ 48 ], or physically tethered to the surface of 
nanostructures before they were delivered (or stamped) on the sub-
strate [ 47 ]. For instance, two research groups independently devel-
oped a technique to replicate the whole DNA array in a single cycle 
[ 49 ,  50 ]. In this technique, a fi rst master substrate made of oligo-
nucleotide probe features was immersed in a solution containing 
the complementary target DNAs. Afterwards, a second substrate 
was brought into contact with the fi rst substrate to adsorb the tar-
get DNAs, thus replicating the features on the second substrate. 
Such an effective nanostamping method was able to reproduce 
DNA arrays with features as small as 14 nm, with the spacing of 
77 nm [ 51 ]. Advances in miniaturization of the size of the printed 
probes, in the nanometer scale, are signifi cant steps moving toward 
the development of portable microarray platforms. It also makes 
the microarray test cheaper by avoiding the scanner and by reduc-
ing the amount of sample biomolecules.  

  
 Many  LOC   microdevices have been developed to perform individ-
ual steps for DNA microarray assays. However, integration of these 
devices to give a POC diagnostic system in an effi cient manner 
remains a challenge. All steps in an integrated system such as liquid 
handling, reagent metering, thermal and pressure control and sig-
nal transduction must be compatible with each other. Despite these 
challenges, great effort has been made by the researchers to develop 
the system that is able to perform the many steps of the microarray 
assay [ 52 – 58 ]. Anderson et al. reported one such system, which was 

3.4  Advances 
in Integration of  LOC   
Devices
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capable of extracting and concentrating nucleic acids from aqueous 
samples, performing chemical amplifi cation and serial enzymatic 
reactions (fragmentation, dephosphorylation, and labeling), meter-
ing and mixing, and microarray-based nucleic acid hybridization, 
for the detection of mutations in the HIV genome [ 52 ]. 

 Liu et al. developed an integrated microchip for DNA microar-
ray detection of bacterial pathogens in blood [ 53 ]. Their device 
consisted of a plastic chip, a printed circuit board (PCB), and an 
eSensor. The plastic chip included a mixing unit for cell capture, 
cell preconcentration, purifi cation and lysis, a  PCR   unit for nucleic 
acid amplifi cation, and a DNA microarray chamber for hybridiza-
tion. Thiol-terminated DNA oligonucleotides were immobilized 
on the eSensor for electrochemical detection of hybridized target 
DNA [ 53 ] (Fig.  3 ). Liu et al. also integrated a DNA microarray 
platform, containing 12,000 features within a microfl uidic car-
tridge, in order to automate the fl uidic handling steps required for 
gene expression profi ling assay [ 57 ]. Microarray hybridization and 
subsequent washing and labeling steps were all performed at the 
self-contained device [ 57 ].

   Yeung et al. also developed an integrated microchip that was 
based on a multi-chamber design for multiplex pathogen identifi -
cation [ 56 ] (Fig.  4 ). In their silicon-glass chip, the oligonucleotide 
probes were individually positioned at each indium tin oxide (ITO) 
electrode within the microfl uidic chamber. Several microfl uidic- 
controlled steps, which included thermal lysis, magnetic particle- based 

  Fig. 3    The integrated microchip for DNA microarray detection. ( a ) Schematic and ( b ) photograph of the inte-
grated device, which consists of a plastic fl uidic chip, a printed circuit board (PCB), and an eSensor located in 
the microarray chamber. The two PZT disks are piezoelectric devices that assist in reagent mixing (reproduced 
from ref. [ 49 ] with permission from American Chemical Society)       
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isolation of the target genomes, asymmetric  PCR  , and electro-
chemical detection using silver-enhanced gold nanoparticles, were 
performed in the integrated device [ 56 ].  Liu et al. also integrated 
a DNA microarray platform, containing 12,000 features in with a 
microfl uidic cartridge, in order to automate the fl uidic handling 
steps required for gene expression profi ling assay [ 57 ].  Microarray   
hybridization and subsequent washing and labeling steps were all 
performed at the self-contained device [ 57 ].  Choi et al. integrated 
an allele-specifi c PCR unit with a disposable DNA microarray chip 
for multiplex  SNP   detection. Convective fl ows, created by pneu-
matic micropumps, were used in this integrated system to accelerate 

  Fig. 4    The silicon-glass microchip for multiplex pathogen detection. ( a )  Upper left : top view of the silicon chip 
showing the fl uidic holes along with thin-fi lm platinum heater and temperature sensors;  lower left : bottom 
view of the silicon chip showing the 8 mL reaction chamber and the through-hole for sample introduction; 
 right : glass chip with patterned indium tin oxide (ITO) electrodes. ( b ) The assembled silicon-glass microchip, 
on which pipet tips were glued to the fl uidic holes to form solution reservoirs. ( c ) Electrical connection of the 
contact pins to the ITO electrodes in the chip housed in a Plexiglas holder       
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the hybridization process, resulting in the whole assay completed 
on-site in 100 min. In this assay, a miniaturized fl uorescent scan-
ner, instead of a conventional bulky one, was conducted for hybrid-
ization detection [ 58 ]. More work still needs to be achieved to 
further develop these  LOC   devices to become stand-alone 
( sample-in-answer-out) devices.

4        Commercialization and Clinical Use 

 The microarray technology has been slow to penetrate the molecu-
lar diagnostic market, i.e., only 10 % in 2010 [ 7 ]. The poor repro-
ducibility of the microarray data, which is due to technical 
limitations or natural variations between different samples, has pre-
vented the microarray tests to have suffi cient robustness required 
for a diagnostic test. In order to receive regulatory approval and 
even clinical acceptance for expression profi ling tests, they are 
required to demonstrate the result reliability and the correlation of 
their results to the clinical outcomes [ 59 ]. Gaining regulatory 
approval is diffi cult for gene expression profi ling because it is com-
monly based on new research studies that correlate the clinical out-
comes to the levels of expression of new genes, which are not 
predefi ned and well-known biomarkers. Furthermore, these tests 
face the clinical utility question: how do the microarray data 
improve the outcome of the patient? For example, what is the suit-
able type of treatment, and how is over-treatment in chemotherapy 
prevented [ 59 ]? MammaPrint (Agendia, Netherlands) was the fi rst 
expression profi ling test that received the FDA approval in 2007 
for prognosis application in breast cancer [ 60 ]. MammaPrint, 
based on a research reported by Vijver et al. assesses the expression 
profi le of a set of 70 cancer-related genes. However, the test suffers 
from a strong competition from the  PCR  -based Oncotype test 
(Genomic Health, USA), primarily because the latter is able to 
analyze the widely used FFPE (formalin-fi xed paraffi n-embedded) 
samples. To address this sample need, a new microarray-based test 
(Tissue of origin, Pathwork Diagnostics, USA), with the capability 
to operate on FFPE samples, has recently entered the market. 
Another competition is from next-generation sequencing tech-
niques, which are well developed and their prices are no longer 
prohibitive [ 61 ]. These techniques (e.g., RNA-Seq) are more reli-
able and informative since they provide the sequence information 
without prior knowledge. Moreover, these sequencing techniques 
are convenient since they provide digital, instead of analog, data. 

 Unlike gene expression arrays, genotyping arrays have fewer 
obstacles to overcome in gaining regulatory approval as well as clini-
cal acceptance. Genotyping, which aims to characterize previously 
established sequence variations among the genome, does not have to 
prove its clinical correlation and utility. Nevertheless, the genotyping 
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arrays are still required to be technically reliable and competitive in 
price. High-throughput genotyping arrays contain a signifi cantly 
high numbers of features to investigate mutations in several genes or 
mixtures of pathogens and thus provide a huge amount of informa-
tion. As an example, AmpliChip CYP450 obtained FDA approval in 
2004 (the fi rst microarray-based clinical test). The test uses 15,000 
features on an Affymetrix platform to assess several types of variations 
in two genes, involved in the metabolism of many psychoactive drugs. 
On the other hand, low- throughput genotyping arrays use a fairly 
small number of features (up to few hundreds on a chip) for charac-
terization of a pathogen or investigation of several  SNP   sites in a 
particular gene. The PapilloCheck test provided by Greiner Bio-One 
Company (Frickenhausen, Germany) is a fairly successful low-
throughput genotyping test, which obtained the US regulatory 
approval in 2009. PapilloCheck utilizes an array of 140 oligonucle-
otides to determine the HPV (human papillomavirus) subtypes in 
cervical smear samples.  

5    Future Perspectives of  Microarray  -Based Diagnostics 

 Recently, a number of  LOC   devices have been developed to inte-
grate several steps of the microarray assay on a miniaturized plat-
form. However, these devices still need to use the conventional 
methods for the signal detection [ 52 ]. The use of nanoarrays helps 
replace the bulky fl uorescent scanner with the miniaturized fl uo-
rescence detector because the whole array can fi t in the fi eld of 
view of the detector. Other than fl uorescence detection, label-free 
detection techniques will further simplify the future LOC devices. 
Different steps of the microarray assays are integrated in stand- 
alone LOC devices in a harmonious way, which make them capable 
of performing the sample-in-answer-out assays. These LOC devices 
exploit the microfl uidic networks not only to connect the different 
compartments in the devices, but also to make the device faster, 
smaller and conveniently controlled. 

 DNA microarrays have faced fi erce competition from next- 
generation sequencing (NGS) at the high end of throughput and 
from  PCR  -based techniques at the low end in the molecular diag-
nostic market. However, the cost of NGS assays, although not pro-
hibitive anymore, are still more expensive than the ones offered by 
the microarray vendors. The presence of some unresolved diffi cul-
ties in the sequencing techniques, like the necessity of multiplexing 
in RNA-sequencing as well as their extensive sample preparation 
and data interpretation needed for the techniques [ 62 ], will be in 
favor of the microarrays in the competition. On the other hand, 
since the microarray technique is more fl exible in the sample matrix 
that it can process it is more familiar to the clinicians; the microar-
rays are in a better situation in competition with PCR-based 
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 techniques. Because of the wealth of knowledge offered by the 
human genome, the size of the molecular diagnostic market has 
largely expanded in the past decade and is predicted to be doubled 
in 2017 [ 63 ]. More microarray-based diagnostic tests are currently 
gaining regulatory approvals and entering the market. According 
to a recent report, the microarray-based tests share the largest por-
tion of the molecular diagnostic market with the PCR-based tests 
[ 63 ], and the market of the former type of test is expected to grow 
in the coming years [ 64 ].  

6    Summary 

 Owing to technical quality issues, the microarray techniques face 
serious concerns and criticisms about the reproducibility of the data 
they provided as well as the reliability of the inferred biological 
interpretations. These shortcomings in the microarray techniques 
themselves as well as the harsh competitions from other molecular 
diagnostic techniques deter the microarrays to be as successful in 
the clinical market as they were in the research counterparts. 

 However, DNA microarray vendors and researchers managed 
to resolve many of those issues, which led to regaining the product 
confi dence in the market. This is demonstrated as the growth of 
the number of microarray-based tests that receive regulatory 
approvals as well as positive foresights by business reports. 

 Meanwhile, much advancement has been achieved in the pre-
requisite technologies for developing portable and stand-alone 
 LOC   devices. Future DNA microarrays are expected to be faster, 
smaller and more accurate. Supporting systems, well-matched with 
the microarray platforms, will be developed and integrated into the 
complex stand-alone LOC devices. These LOC devices play a cen-
tral role in personalized medicine in the future. Technical issues, 
observed in the early microarray platforms, are mostly resolved in 
the current platforms. New discoveries about the human genome, 
thereby increasing the depth of our knowledge about it, will initi-
ate new clinical utilities for the DNA microarray. Enjoying all of 
these developments, DNA microarray will maintain a reasonable 
share in the fast growing molecular diagnostic market.     
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Chapter 13

High-Throughput Screening of Substrate Specificity 
for Protein Tyrosine Phosphatases (PTPs) 
on Phosphopeptide Microarrays

Liqian Gao, Su Seong Lee, Jun Chen, Hongyan Sun, Yuliang Zhao, 
Zhifang Chai, and Yi Hu

Abstract

Phosphatases are a family of enzymes responsible for the dephosphorylation of biomolecules. Phosphatases 
play essential roles in cell cycle regulation, signal transduction, and cellular communication. In recent 
years, one type of phosphatases, protein tyrosine phosphatases (PTPs), emerges as important therapeutic 
targets for complex and devastating diseases. Nevertheless, the physiological roles, substrate specificity, and 
downstream targets for PTPs remain largely unknown. To demonstrate how microarrays can be applied to 
characterizing PTPs, we describe here a phosphopeptide microarray strategy for activity-based high- 
throughput screening of PTPs substrate specificity. This is followed by a kinetic microarray assay and 
microplate assay to determine the rate constants of dephosphorylation by PTPs. This microarray strategy 
has been successfully applied to identifying several potent and selective substrates against different PTPs. 
These substrates could be used to design potent and selective PTPs inhibitors in the future.

Key words High-throughput screening, Protein tyrosine phosphatases, Phosphopeptide microarrays, 
Substrate specificity

1 Introduction

Reversible phosphorylation of tyrosine residues in proteins plays 
essential roles in modulating cellular events including cell growth, 
cell differentiation, cell-cycle regulation, and immune response [1, 
2]. Tyrosine phosphorylation by kinases accounts for less than 1 % 
of all cellular phosphorylation events in normal tissues, and can be 
significantly increased upon oncogenic transformation or growth 
factor stimulation [3–5]. On the other hand, dephosphorylation is 
a key process involved in cell signaling via removal of a phosphate 
group from a protein or other small molecules by a phosphatase. 
Two opposing enzyme superfamilies, protein tyrosine kinase 
(PTK) family and protein tyrosine phosphatase (PTP) family, 
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 control the physiological balance of tyrosine phosphorylation 
inside the cells [5]. It has been reported that both genetic muta-
tion and overexpression of PTPs could be implicated in human 
diseases such as diabetes and cancer [6]. Therefore, PTPs have 
been recognized as important therapeutic targets.

Since different PTPs are highly homologous in their active 
sites, they present a daunting challenge to develop selective and 
potent small molecule PTP inhibitors. The successful development 
of PTP inhibitors relies on detailed understanding of the molecular 
mechanism by which a given PTP carries out its enzymatic reac-
tion, as well as on the substrate specificity of PTPs. Compared with 
many well-studied kinases [7], phosphatases have not been exten-
sively characterized and their cellular partners/substrate specifici-
ties remain to be further explored [6, 8–10]. Conventional 
strategies for determining substrate specificity of PTPs, such as 
combinatorial peptide libraries [11], phage display [12], and SPOT 
synthesis (a technique for parallel synthesis of peptide libraries on 
the membrane) [13], have some limitations in terms of the 
throughput and sensitivity of the assays. In recent years, Waldmann 
group and Yao group have independently developed peptide 
microarrays for large-scale profiling of phosphatase substrate speci-
ficities [1, 4, 8]. With these high-throughput screening approaches, 
the enzymatic activity of different classes of protein phosphatases, 
including PTPs and Ser/Thr phosphatases, could be thoroughly 
examined, both qualitatively and quantitatively, against a library of 
phosphopeptides.

The microarray is a well-established high-throughput screen-
ing platform with a diverse spectrum of biological applications 
across different biomolecule types [14]. Microarrays could com-
prise hundreds or even thousands of molecules that are immobi-
lized as micrometer-sized spots on a planar surface. This compact 
format enables simultaneous processing of samples on a large scale 
and is therefore amenable to high-throughput screening [15–17]. 
More specifically, peptide microarray offers a unique and versatile 
platform for determining the peptide substrate fingerprints of 
enzymes. In this study, we have successfully extended the previous 
phosphopeptide microarray approach for an activity-based high- 
throughput study of the substrate specificity of PTPs. In Fig. 1, the 
biotin- containing peptides were synthesized, immobilized onto 
avidin- coated arrays and screened against PTPs of interest. There 
were 144 peptides extrapolated from the putative PTP protein 
substrates. Each PTP will dephosphorylate its own peptide sub-
strate. After specific fluorescent staining of the phosphate group in 
the phosphopeptide, microarray scanning, and data analysis 
(Fig. 2), the preferred peptide substrates for each PTP could be 
readily identified. One of the most classical PTPs, T-cell protein 
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tyrosine phosphatase (TCPTP) was chosen in this study. Compared 
with the well-studied protein tyrosine phosphatase-1B (PTP1B), 
TCPTP is highly homologous to PTP1B and they share more than 
70 % identity in protein sequence within the catalytic domain [18]. 
Through the example of TCPTP (Fig. 2), we will showcase the 
advantages of this phosphopeptide microarray approach in: (1) 
generating unique peptide substrate fingerprints of PTPs; (2) car-
rying out kinetic measurements and obtaining the kinetic constants 
of multiple peptides against PTPs; (3) identifying potent peptide 
substrates for PTPs.

Fig. 1 The workflow of screening strategy: (a) Prepare a phosphopeptide microarray (P stands for phosphate). 
(b) Perform dephosphorylation assay. When incubated with PTPs, the immobilized phosphopeptides will be 
dephosphorylated based on PTP substrate specificity. (c) Perform Pro-Q dye assay, followed by fluorescence 
scanning with a microarray scanner to identify the phosphopeptides that are dephosphorylated by PTPs. (d) 
Carry out data analysis to identify the preferred peptide substrates for PTPs

Fig. 2 Single-time-point (30 min) fingerprint results of the phosphopeptide microarrays treated with TCPTP 
(reproduced in part from ref. [4] with permission from John Wiley & Sons Inc.)

High-Throughput Screening of Substrate Specificity…
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2 Materials

 1. Competent E. coli BL21 (DE3).
 2. Construct of TCPTP.
 3. Luria–Bertani (LB) media.
 4. Kanamycin (antibiotic).
 5. Isopropyl β-d-1-thiogalactopyranoside (IPTG).
 6. Circular shaker (Heidolph).

 1. Chromatographic column (1.5 cm diameter × 10 cm length).
 2. Nickel-nitrilotriacetic acid (Ni-NTA) agarose resin (Qiagen, 

Cat. No. 1018244).
 3. His-tag purification lysis buffer (50 mM Tris base, 300 mM 

NaCl, pH 8.0).
 4. His-tag purification wash buffer (50 mM Tris base, 300 mM 

NaCl, 20 mM imidazole, pH 8.0).
 5. His-tag purification elution buffer (50 mM Tris, 300 mM 

NaCl, 200 mM imidazole, pH 8.0).
 6. SDS gel (10–12 %).
 7. Protein marker.

 1. Piranha solution (H2SO4:H2O2 = 7:3).
 2. APTES solution (400 mL): 12 mL aminopropyltriethoxisilane 

dissolved in 380 mL 100 % ethanol and 8 mL H2O.
 3. Avidin solution (for 30 slides): 1.5 mg avidin, 1.47 mL of 

Milli-Q water, 30 μL of 0.5 M NaHCO3 (pH 9.0).
 4. Carboxylic acid activation solution: 400 mL of DMF (HPLC 

grade), 7.4 g succinic anhydride, and 18 mL of 1 M Na2B4O7 
(pH 9.0).

 5. NHS activation solution: 15 mL of DMF, 565 mg 
O- benzotriazole-N,N,N′,N′-tetramethyl-uronium- hexafluoro- 
phosphate (HBTU), 173 mg N- hydroxysuccinimide (HOSu), 
and 550 μL of N,N-diisopropylethylamine (DIEA). This will 
give 100 mM of HBTU, 100 mM of HOSu, and 200 mM of 
DIEA in 15 mL of DMF.

 6. Quenching solution: 2 mM aspartic acid in 0.5 M NaHCO3 
(pH 9.0).

 7. 150 °C oven.
 8. Slide dish.
 9. Metallic tray.
 10. Magnetic stirrer.

2.1 Expression 
of TCPTP

2.2 Purification 
of TCPTP

2.3 Preparation 
of Avidin Slides
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 1. Phosphopeptide library stock solutions.
 2. Phosphate buffered saline (PBS) (pH 7.4).
 3. 384-well polypropylene microarray plate.
 4. Stealth Micro Spotting pins (Telechem International, cat. 

ID. SMP7B).
 5. Arrayer (ESI SMA™, Ontario, Canada).

 1. Pro-Q™ Diamond dye (Invitrogen, cat. No. P33300). This 
dye binds to phosphate on the phosphopeptide to produce a 
baseline fluorescent signal.

 2. Pro-Q destaining buffer (25 mL): 20 % acetonitrile in sodium 
acetate (50 mM, pH 4).

 1. Blocking solution: 1 % BSA in TBS.
 2. TCPTP activity buffer: 50 mM HEPES, 100 mM NaCl, 2 mM 

EDTA, 0.01 % Brij 35, 1 mM DTT, pH 7.0.
 3. TBS buffer.
 4. TBST buffer: TBS buffer containing 0.05 % of Tween 20.

 1. Malachite green assay kits (i-DNA Biotechnology Pte Ltd, 
Cat. No. POMG-25H).

 2. Microplate shaker.
 3. Tecan microplate reader (Tecan Group Ltd, Switzerland).
 4. Greiner 384-well transparent plates (Practical Mediscience Pte 

Ltd).
 5. Multichannel pipette (Practical Mediscience Pte Ltd).

 1. Array-Pro-Analyzer software (Tecan Trading AG, Switzerland).
 2. GraphPad Prism v4.03 software (GraphPad, San Diego, USA).
 3. Microsoft Excel.

 1. Adhesive film (ABgene, Cat. No. AB-0558).
 2. Centrifuge (Eppendorf, 5415 R and 5810 R).
 3. 15 and 50 mL centrifuge tubes.
 4. Centrifuge filters (Microcon YM-3, cutoff 3 kDa).
 5. Microscope glass slides: 75 mm × 25 mm × 1 mm.
 6. Coverslips: 22 mm × 60 mm and 22 mm × 22 mm coverslips.
 7. Marker pen.
 8. Dessicator/dry storage box.
 9. Ice box.
 10. Humidity incubation chamber.

2.4 Microarray 
Spotting

2.5 Pro-Q™ Assay

2.6 TCPTP 
Phosphatase Activity 
Assay 
on the Microarray 
Slide

2.7 Solution-Based 
Microplate Assay

2.8 Software

2.9 General 
Apparatus
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 11. Powder-free gloves.
 12. 1.5 mL reaction tubes and 14 mL sterile PP tube.
 13. Slide-A-Lyzer dialysis cassettes 7K MWCO, 0.1–0.5 mL capac-

ity (Thermo Scientific, Cat. No. 0066375).
 14. Slide staining rack and slide staining jar.
 15. Sonics Vibra-Cell sonicator (ITS Science & Medical Pte. Ltd.).
 16. Microarray Scanner (Launch LS Reloaded, Tecan Trading AG, 

Switzerland).
 17. UV/Visible spectrophotometer (Amersham Biosciences, 

Ultrospec 2100 Pro).
 18. 96-well polypropylene stock plates: solid U-bottom and solid 

F-bottom (flat).

3 Methods

 1. Transform competent E. coli BL21(DE3) with TCPTP con-
struct and grow the single bacterial colony on LB-agar plates 
with kanamycin.

 2. Inoculate a single bacterial colony from the agar plate into a 
14 mL PP sterile tube containing 3–5 mL LB-kanamycin 
media. Grow the culture overnight at 37 °C in an orbital shaker 
with constant shaking at 200–250 rpm.

 3. Dilute 100 times of the overnight culture into 200 mL fresh 
LB-kanamycin (50 μg/mL) media in a conical flask. Incubate 
the diluted LB culture at 37 °C with constant shaking at 200–
230 rpm till OD600 reaches about 0.6–0.8 (it will take approxi-
mately 2–3 h).

 4. Pipette a 10 mL culture of uninduced E. coli cells to be kept as 
a negative control for TCPTP expression.

 5. The optimum absorbance (OD600) for induction is 0.6–0.8. 
Check the absorbance periodically. If the cells are overgrown, 
repeat steps 3 and 4. Add IPTG (a final concentration of 
0.1 mM) to induce TCPTP expression. Incubate the LB cul-
ture overnight (12–20 h) at 16 °C with constant shaking at 
230 rpm.

 6. Collect a 100 mL of induced LB culture, centrifuge, discard 
the supernatant, and store the cell pellets at −20 °C before use. 
Cell pellets can be stored at −20 °C for up to 1 month without 
any significant degradation of proteins. However, long-term 
storage (more than 3 months) of pellets may result in a decrease 
in protein activity.

 7. Resuspend the induced bacterial cell pellets in 5–10 mL ice- 
cooled (4–8 °C) His-tag lysis buffer, and vortex if necessary.

3.1 Expression 
of TCPTP

Liqian Gao et al.
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 1. Lyse the induced bacterial cells by sonicating them on ice at 
30 % amplitude in a sonicator (5 s × 5 bursts, 10 s × 1 interval 
between each burst).

 2. Centrifuge the bacterial lysate at 16,100 × g for 30 min at 
4 °C. Transfer the supernatant to a fresh 1.5 mL tube on ice.

 3. Pipette suitable amount of Ni-NTA resin beads into a chro-
matographic column (according to the expression levels, 
100 mL of bacterial culture may need 150 μL of bead volume). 
Rinse the Ni-NTA resin with lysis buffer for 3–5 times 
(5–10 mL each time) before incubation with lysate.

 4. Load the cell lysate and incubate it with the resin for about 
45 min to 1 h with gentle shaking at 4 °C (see Note 1). The 
target protein TCPTP will bind to the Ni-NTA resin.

 5. After incubation, let the lysate flow through the column slowly, 
and wash the column with His-tag wash buffer for 3–5 times 
(5–10 mL each time) (see Note 2).

 6. Elute the target protein TCPTP with 0.3–1 mL of His-tag elu-
tion buffer for 2–4 times. When necessary, incubate the elution 
buffer with the resin for 2–5 min, and then collect all fractions 
of the eluent.

 7. Measure the protein concentration by Bradford assay and com-
bine the fractions that contain the highest amounts of TCPTP 
proteins (usually the first few fractions).

 8. Run SDS gel electrophoresis and perform Western blotting to 
confirm the successful purification of TCPTP (Fig. 3).

 1. Carefully prepare piranha solution by slowly adding H2O2 to 
H2SO4 (see Note 3).

 2. Place the slides in a tray and soak them in the piranha solution, 
and then occasionally shake the slides up and down.

 3. Soak the slides for at least 4 h, and then take out the slides.
 4. Carefully rinse the slides, first with H2O and then with ethanol. 

Then dry the slides by flushing nitrogen gas or putting them in 
the fumehood for about 10 min till the slides are dry.

 5. Prepare the APTES solution and pour it into a glass jar.
 6. Put the glass slides into the glass jar with a stir bar, and then 

keep stirring the solution for 2 h.
 7. After stirring, take out the slides and carefully wash them with 

95 % ethanol for three times.
 8. After washing, put the slides in a glass slide dish (with the lid) 

and then place it in a 150 °C oven for at least 2 h or overnight 
(see Note 4).

 9. Take the slides out, and let them cool to room temperature.

3.2 Purification 
of TCPTP

3.3 Functionalization 
of Avidin onto 
the Surface 
of Microarray Slides

High-Throughput Screening of Substrate Specificity…
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 10. Wash the slides with 95 % ethanol three to five times (ethanol 
wash bottle) and dry the slides as described above.

 11. Fill the slide tray with 400 mL of DMF and add 7.4 g of suc-
cinic anhydride. Put in a stir bar to stir the solution. After the 
solid is completely dissolved, add 18 mL of 1 M Na2B4O7 
(boric acid + NaOH, pH 9), and subsequently soak the slides 
into the solution (see Note 5). This step is for carboxylic acid 
activation.

 12. Shake the slide tray once in a while to avoid small air bubbles 
adhering on the slides.

 13. Meanwhile, start heating up 2 L of deionized water (use a stir 
bar) until it reaches about 95 °C.

 14. Soak the slides in the hot water for 20 min with constant stir-
ring (see Note 6).

 15. Take out the slides and rinse them three to five times with 
ethanol using a wash bottle. Then briefly dry them with nitro-
gen gas or place the slides in the fumehood for about 10 min 
till the slides are dry.

 16. Prepare the NHS activation solution and add 0.75 mL of the 
solution onto each slide.

 17. Place the large coverslips (22 mm × 60 mm) on the slides, close 
the lid of the glass slide dish, and incubate for at least 3 h.

 18. Transfer the slides to a metallic tray.
 19. Wash the slides three to five times with 95 % ethanol using a 

wash bottle. This step takes about 3–5 min.

Fig. 3 Purification of TCPTP. This is a Coomassie blue-stained gel of the purified 
TCPTP protein

Liqian Gao et al.
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 20. Prepare 1 mg/mL of avidin solution in 10 mM NaHCO3.
 21. Apply about 49 μL of the avidin solution onto each slide, and 

then incubate for 30 min under a coverslip (22 mm × 60 mm).
 22. After the avidin immobilization reaction, quench the unre-

acted NHS groups with the quenching solution for 30 min 
and rinse the slides thoroughly with water.

 23. Dry the slides using a stream of nitrogen gas, and store them 
at 4 °C before use.

 1. Prepare 16 μL of each biotinylated peptide solution in PBS/
DMSO (1:1) to reach a final concentration of approximately 
1 mM. This concentration would completely saturate the avi-
din group on the slides and it ensures that an adequate amount 
of peptides are immobilized (see Note 7).

 2. Prepare the biotinylated peptide library in a 384-well polypro-
pylene microarray plate for spotting, which is compatible with 
the microarray spotter.

 3. Seal the spotting plate with adhesive film and store it at 
−20 °C. Thaw the plate when needed.

 4. Before spotting, briefly wash the avidin-coated slides with deion-
ized H2O, and then quickly dry them with nitrogen gas or put 
them in the fumehood for about 10 min till the slides are dry.

 5. Spot the biotinylated peptide library to the avidin-coated slides 
using the arrayer. After the spotting completes, the slides are 
allowed to stay inside the spotter for another 2–4 h. This will 
provide sufficient time for biotin/avidin interaction.

 6. Put the slides into a slide dish containing 20 mL of deionized 
water and shake for at least 10 min to remove unbound pep-
tides. Rinse the slides with distilled water. After the slides are 
briefly dried, store them at 4 °C before use.

 7. To test the spotted slides and ensure the good quality of any 
given batch (i.e., the immobilization of phosphopeptides onto 
the surface of the avidin-coated slides is consistent between 
different batches), perform the Pro-Q™ assay as follows.

 8. Dry the spotted slides by putting them in the fumehood for 
10 min or using a stream of nitrogen gas.

 9. Pipette 1 mL of Pro-Q™ Diamond dye and apply it onto the 
surface of the spotted slides for 1 h in a humidified incubation 
chamber under the coverslips (22 mm × 60 mm) at room 
temperature.

 10. Wash the spotted slides with the Pro-Q™ destaining solution 
for 0.5–1 h. After washing, scan the slides with the microarray 
scanner. A typical image of Pro-Q™ stained slide is shown in 
Fig. 4.

3.4 Phosphopeptide 
Spotting and Quality 
Control

High-Throughput Screening of Substrate Specificity…
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 1. Bring the spotted slides to room temperature. Rinse them with 
distilled H2O and shake for about 10 min to remove the 
unbound peptides.

 2. Apply the blocking solution to the spotted slide for 1 h.
 3. Prepare the TCPTP activity buffer.
 4. As negative controls, use denatured TCPTP (heating at 95 °C 

for 10 min followed by incubation on ice) or activity buffer 
alone (see Note 8).

 5. Perform the single-time-point microarray experiments to 
delineate the substrate specificity of TCPTP. Typically, the 
incubation time is 0.5 h and the volume of TCPTP applied to 
the slide is 75 μL. The enzyme can be applied directly onto the 
grid which is marked using a permanent marker pen to form 
rectangular frames. No coverslip is used.

 6. After incubation, wash the slides with deionized H2O to 
remove the TCPTP solution.

 7. Gently rinse slides with deionized H2O, and then quickly dry 
the slides with nitrogen gas or in the fumehood.

 8. Perform the Pro-Q assay, which has been described in 
Subheading 3.4, steps 7 and 10.

 9. After the Pro-Q assay, wash the slides with deionized H2O to 
remove the Pro-Q reagent. When necessary, wash with TBST 
buffer to reduce the background so as to increase the signal-
to- noise ratio (see Note 9).

3.5 Screening 
of TCPTP Substrates 
Spotted 
on the Microarray 
Slide

Fig. 4 Pro-Q staining image (left) and microarray spotting format (right). Pro-Q staining is used to confirm the 
good quality of spotted slides. The slide comprises a 144-phosphopeptide library printed in duplicate (repro-
duced in part from ref. [4] with permission from John Wiley & Sons Inc.)

Liqian Gao et al.
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 10. Dry the slides with nitrogen gas or in the fumehood, and then 
scan them using microarray scanner to obtain the microarray 
image (Fig. 2).

 11. Analyze the microarray images and perform quantitative data 
analysis. Confirm the well-known TCPTP peptide substrate 
(D14: TDKEYpYTVKDD) [19]. Identify unknown substrates 
(e.g., A06, D02) of TCPTP. In addition, the Top-10 peptide 
substrates identified from the single-time-point experiments 
for TCPTP are listed in Table 1.

 12. To guide the design of potent inhibitors for PTPs in the future, 
perform further data analysis of the amino acid preference of 
the phosphopeptides at each position (namely from −5 to +5 
positions, or from P − 5 to P + 5, counting from N- to 
C-terminus, with the location of phosphotyrosine (pY) defined 
as P) with the Top-10 peptides for TCPTP and the results are 
graphically presented in Fig. 5.

 13. To better understand the kinetic information of TCPTP, time-
course TCPTP activity assays are carried out for the Top-5 
peptide substrates identified from the single-time-point micro-
array experiments. Different subgrids of peptide array were 
incubated with TCPTP solution in a humidified chamber for 
different time ranging from 5 min to 2 h (see Note 10).

Table 1 
Top-10 peptide substrates identified from the single-time-point 
microarray experiments for TCPTP

Ranking TCPTP

1 DSGGFpYITSRT (A10:SRC1)

2 EEEPVpYEAEPE (F18:HS1)

3 REGLNpYMVLAT (D02:ROS1)

4 DEKVDpYVQVDK (A06:GAB2)

5 DEELHpYASLNF (A04:CD33)

6 VYESPpYSDPEE (D22:ZAP70)

7 TNDITpYADLNL (D16:SIRP)

8 SDDVRpYVNAFK (D04:VEGF)

9 VSSTHpYYLLPE (F23:CDC42)

10 MTGDTpYTAHAG (C05:ABL)

pY represents phosphotyrosine. The note underneath the peptide sequence 
indicates the peptide ID, and the original protein source (reproduced in 
part from ref. [4] with permission from John Wiley & Sons Inc.)

High-Throughput Screening of Substrate Specificity…
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 14. After the TCPTP incubation, stain the slides by repeating the 
same steps 6–10. The time-dependent microarray images are 
shown in Fig. 6a.

 15. Analyze the array images and perform quantitative data analy-
sis. Calculate the corresponding kobs value using the GraphPad 
software (Fig. 6b and Table 2). The larger the kobs value is, the 
faster TCPTP will dephosphorylate the corresponding 
phosphopeptide.

 1. Transfer 20 μL of TCPTP activity buffer containing 20 μM of 
the peptides into each well of a transparent 384-well 
microplate.

 2. Pipette the TCPTP solution (20 μL) into each well at different 
time points (0, 5, 15, 30, 60, and 120 min). The kinetic data 
for dephosphorylation of each phosphopeptide at each time 
point are determined in duplicates.

 3. Stop the dephosphorylation reaction by addition of malachite 
green solution which contains sulfuric acid to denature the 
TCPTP. If the reaction solution contains free phosphate 
groups, which are generated through dephosphorylation of 
the phosphopeptide substrates by TCPTP, the reaction solu-
tion will then become green in color.

 4. When the green color of the reaction solution become stable 
(around 10 min), measure the absorbance of the malachite 
green-phosphate complex at 650 nm using a microplate reader.

 5. Perform background subtraction (t = 0 min) and data 
normalization.

 6. Process microplate data with the software GraphPad and fit the 
data with the following equation to plot the kinetic curves and 
derive the kinetic parameter kobs (Fig. 6c and Table 2):

 
Abs Abs tobs max obs= ´ - - ´( )( )1 exp .k

 

3.6 Validation 
of the Identified Hits 
Using the Solution- 
Based Microplate 
Assay

Fig. 5 Summary of amino acid preference of the phosphopeptides from their −5 to +5 positions (e.g., P + 5 is 
5 amino acid positions toward the C-terminus with phosphotyrosine located at the P position). The data are 
extrapolated from the Top-10 peptide substrates (see Table 1) identified from the single-time-point experi-
ments using TCPTP

Liqian Gao et al.
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Fig. 6 Time-dependent, semi-quantitative dephosphorylation experiments of selected top five peptides with 
TCPTP. (a) Microarray images of selected spots from the time-dependent kinetic experiment of top five pep-
tides (see Table 1) against TCPTP; (b) Plots of extrapolated microarray data and kobs fitted curves; (c) 
Microplate- based time-dependent experiments (kobs fitted curves) of the same five peptides against TCPTP 
(reproduced in part from ref. [4] with permission from John Wiley & Sons Inc.)

Table 2 
Summary of kinetic constants (kobs) determined from the microarray and 
microplate experiments for Top-5 peptide substrates (see Table 1) against 
TCPTP (reproduced in part from ref. [4] with permission from John Wiley & 
Sons Inc.)

TCPTP kobs (array, min−1) kobs (plate, min−1)

A10 0.086 0.025

F18 0.132 0.03

D02 0.082 0.025

A06 0.089 0.018

A04 0.047 0.027

High-Throughput Screening of Substrate Specificity…
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where Absobs represents the absorbance reading at time x; Absmax 
represents the fitted constant which corresponds to the maxi-
mum absorbance obtained when the enzymatic reaction is 
complete; t is the time.

Good agreement in the kobs values is obtained for most of  
the phosphopeptide/PTP pairs between the time-dependent 
microarray- based experiments and the standard microplate 
assays (Table 2).

In summary, a phosphopeptide microarray-based approach has 
been described for high-throughput screening of substrate speci-
ficity of TCPTP. By this approach, we have successfully obtained 
substrate fingerprints for TCPTP, amino acid preference of TCPTP 
at each position, as well as the kinetic constants of peptides sub-
strates for TCPTP. The high-throughput substrate fingerprint 
strategy can also be applied for studying other PTPs or Ser/Thr 
phosphatases.

4 Notes

 1. To avoid the decrease in the enzymatic activity of TCPTP, 
carry out this step of incubation at 4 °C.

 2. The columns are designed for low-pressure applications (less 
than 1 atm or 14 p.s.i.). When a pump is used for the liquid 
flow, any disruption in the flow must be avoided since this dis-
ruption may cause a rapid increase in back pressure. If this 
increase does happen, immediately switch off the pump and 
check the gel bed for liquid leakage.

 3. When preparing the piranha solution, pour H2SO4 in the bea-
ker first and then add H2O2. Make sure the temperature of the 
solution does not increase too much since it can get extremely 
hot. Be careful when handling the piranha solution since this 
hot acid solution is extremely corrosive.

 4. To prepare the slides with high-quality surfaces, avoid sticking 
the slides to each other when putting the slide rack in the 
150 °C oven.

 5. Always immerse the slides in the reaction solution. Otherwise, 
the slide will be unevenly cleaned, and this will lead to uneven 
surfaces for the subsequent preparation of avidin slides, which 
will greatly compromise the quality of microarray.

 6. Similarly, keep the slides immersed in water at all times. 
Otherwise, the surfaces of the slides may not be uniformly 
cleaned, which would greatly compromise data quality of the 
subsequent microarray experiments.

 7. To prepare the spotted microarray slides with good quality, 
prepare the peptide solution at a high concentration (i.e., not 

Liqian Gao et al.



195

less than 1 mM) for spotting. Otherwise, the amount of 
 peptides may not be sufficient to saturate the slide surface 
 during immobilization.

 8. There should be no (or negligible) signal difference between 
slides treated with negative controls (denatured TCPTP or 
activity buffer solution alone) and untreated slides. A decrease 
in fluorescent signals (stained using the Pro-Q dye) will be 
observed if the TCPTP is active and the phosphopeptides  
are the substrates of TCPTP so that the phosphate groups are 
removed from the peptides.

 9. The frequency and duration of slide washing could be opti-
mized as required. We typically use one to three times of 5-min 
washes which would produce very good results.

 10. When the coverslips are put on the slides, care must be taken 
that no air bubbles are trapped between the coverslips and the 
slides. Otherwise, no dephosphorylation reaction would occur 
and this would generate false negatives. Besides, to acquire 
good and consistent fingerprint results with low backgrounds, 
carefully apply the TCPTP solution uniformly across the sur-
face of the slides.
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    Chapter 14   

 Nanotechnology in the Fabrication of Protein Microarrays       

     Manuel     Fuentes     ,     Paula     Díez    , and     Juan     Casado-Vela      

  Abstract 

   Protein biochips are the heart of many medical and bioanalytical applications. Increasing interest of protein 
biochip fabrication has been focused on surface activation and subsequent functionalization strategies for 
the immobilization of these molecules.  

  Key words     Surface activation  ,   Oriented immobilization  ,   Sample deposition  ,   Pin materials  ,   Microarrays  

1      Introduction 

 Nowadays, the protein microarray is becoming an attractive 
approach for rapid profi ling of the entire proteome. In general, the 
protein microarray or protein biochip is a versatile platform for the 
characterization of hundreds to thousands of proteins in a highly 
parallel and high-throughput manner. An additional driving force 
for the development of protein biochips emanates from related 
biotechnological and biomedical fi elds, such as biosensors, bioca-
talysis, biomarkers, and drug discovery, among other applications 
[ 1 ,  2 ]. 

 Typically, protein biochips are prepared by using similar tech-
nologies previously developed for the production of DNA micro-
arrays. Thus, thousands of proteins can be spotted onto a chip by 
using a contact spotter ( see  Fig.  1a ) or non-contact spotter such as 
ink-jet printing ( see  Fig.  1b ). The protein microarrays can also be 
fabricated using photolithographical methods ( see  Fig.  1c ). 
Afterwards, a biological sample can be applied on the chip, and 
proteins that are bound can be identifi ed by using several detection 
methods [ 3 ].

   Protein microarrays are composed of two major classes: ana-
lytical and functional, depending on the application [ 4 ]. Over the 
last few years, the number of these applications, especially func-
tional protein microarrays, has dramatically increased for basic and 
clinical research due mainly to the maturation of the fabrication 
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technology [ 5 ]. In addition, tissue or cell lysates can be fraction-
ated and spotted onto a slide to form reverse-phase protein micro-
arrays. Moreover, it is possible to print DNA molecules on the slide 
and translate them into proteins in situ by means of NAPPA 
(Nucleic Acid Programmable Protein Array) or PISA (Protein In 
Situ Array) technology ( see  Fig.  1d ). 

 Recently, there has been a shift towards generating surfaces 
that display proteins in highly controlled patterns, preferably with 
nanometer precision. Common challenges of manufacturing a via-
ble protein chip include the choice of a proper solid surface, and 
the development of the surface chemistry that is compatible with 
the immobilization of a diverse set of proteins while maintaining 
their integrity, native conformation, and biological function. The 
immobilization can be controlled by using different functional 
groups or tags of the proteins [ 6 ]. 

 The drive to fabricate arrays of protein spots and also to create 
the arrays on a surface with the feature size in the nanometer 
regime has spurred the development of various fabrication meth-
ods that have been widely employed in nanotechnology and mate-
rial science. The aim of this chapter is to describe the chemical, 
biological, and nanotechnological strategies for the generation of 
protein biochips in two sections. The fi rst section is to describe the 
current state-of-the-art spotting methods, while the second sec-
tion is referred to the several surface activation protocols that led 
to well-functionalized and well-characterized surfaces for microar-
ray fabrication. 

  Fig. 1    Various technologies for printing protein microarrays. ( a ) Contact strategies, ( b ) non-contact methods, 
( c ) lithography approaches, and ( d ) cell-free methods       
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   The most widely adopted technology for printing microarrays 
remains contact pin printing ( see   Note 1 ) basically because of the 
wide adoption in DNA microarrays fabrication, and the direct 
transfer of lessons learned to later protein printing strategies. 

 The pin printing hardware includes solid pins, split pins, or 
quill pins, and also tweezers or other liquid transfer/deposition pin 
types ( see   Note 1 ). These pins are loaded with protein-containing 
aqueous solution droplets in printing buffers for transfer onto solid 
microarray surfaces [ 3 ] ( see   Note 2 ). Owing to the nature of con-
tact by the pins during every deposition, there is a chance that the 
array surface may be damaged. 

 A robotically controlled print head contains many fl uid- 
dispensing pins ( see   Note 3 ) that are repeatedly dipped into wells 
of a source microtiter plate containing purifi ed proteins prepared 
in printing buffers ( see  Fig.  1 ). 

 The pin captures a known and controlled volume of protein 
solutions from each well. Then, the pin lightly touches onto the 
surface of the functionalized glass or other microarray surface to 
dispense nanoliter-sized liquid as a droplet [ 3 ] ( see   Note 4 ). 

 The pin printing technology is directly affected by several sur-
face phenomena, such as pin capillarity which depends on the 
interfacial tensions between solution and pin surface ( see   Note 5 ). 
Overall, the fi nal spot morphology is dependent of pin-printing 
solution, substrate chemistry, evaporation process, and pin diame-
ter [ 3 ] ( see   Note 6 ). 

 The liquid to be deposited is drawn into the pin slits on the 
order of 10–100 μm in diameter. The pin then deposits each liquid 
droplet of a small volume by a slight contact with the array surface 
( see   Note 7 ). Since small volumes of liquid reagents (~ pL) are 
loaded in the pins, liquid evaporation could become a signifi cant 
issue in both the deposited fi nal volume and the reagent 
concentration.  

   Lithography, which is a common process in micro and nanodevice 
fabrications, is adapted for printing biomolecules. This process 
uses light to transfer a geometric pattern from a photomask to a 
light-sensitive chemical “photoresist” on the substrate. Biospecifi c 
nanopatterns can be fabricated via selective decomposition/activa-
tion and a subsequent chemical modifi cation for recruitment of 
proteins and other biomolecules. 

 A series of chemical treatments engrave the exposure pattern 
into or enable deposition of new material in the desired pattern 
upon the material underneath the photoresist. 

 Lithography is used because it can create extremely small pat-
terns (down to a few tens-of-nanometers in size). Additionally, this 
method affords exact control over the shape and size of the objects 
it creates, and it can create patterns over an entire surface 
cost-effectively. 

1.1   Contact Printing   
for  Microarray   
Fabrication

1.2   Lithographical 
Printing  
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 The main disadvantages of lithographical printing are (1) that 
it requires a fl at substrate to start with, (2) it is not very effective in 
creating shapes that are not fl at, and (3) it requires extremely clean 
operating conditions. 

 Several strategies for lithography have been developed such as 
photolithography; interference lithography, laser writing, and 
e-beam ( see  Fig.  1c ). All of them present advantages and disadvan-
tages, principally related to the throughput level and dimensions of 
the patterns [ 2 ].  

   The construction of self-assembled monolayers (SAMs) requires 
homogeneous surface modifi cation, i.e., control of wetting, con-
trol of biocompatibility, lubrication, and corrosion inhibition, as 
well as metal refi ning, adhesion, and passivation. 

 Self-assembled monolayers (SAMs) of bifunctional molecules 
on metallic and oxide substrates have been extensively studied 
since the 1980s, and SAMs have become an important form of 
nanotechnology, including diverse biological applications. 

 The overall formation of nanoscale assemblies is governed by 
the intermolecular and interparticle forces [ 7 ,  8 ] that have to be 
precisely controlled in order to maintain the distinct biological 
functions and to build a reliable device. 

 The utility of SAMs is based on their characteristics [ 9 ]:

    1.    SAMs are easy to prepare and they assemble quickly from solu-
tions of the molecules.   

   2.    SAMs are molecularly ordered and robust under many 
conditions.   

   3.    SAMs are thermodynamically stable.   
   4.    It is possible to control the fi lm thickness of SAMs to within 

approx. 0.1 nm by varying the length of the constituent 
molecules.   

   5.    Surface properties of SAMs are controlled through tailoring of 
exposed surface functional groups.    

  Since SAMs are nanometer-sized elements in two dimensions 
(perpendicular to the plane of the surface), patterning of SAMs is 
the fi rst step toward the realization of devices that involve this class 
of nanostructures in fabrication, processing, or use. The major 
advantage of the SAM is Angstrom precision in the positioning of 
chemical groups at the solid–organic interface. Also, SAMs are 
relatively stable as compared to other surface-supported molecular 
platforms because they are strongly (most often covalently) pinned 
to the substrate via a reactive head group, which are typically thiol, 
disulfi de, or silane [ 2 ,  8 ]. 

 Therefore, SAMs are compatible with the majority of standard 
and emerging fabrication techniques. The so-called mixed SAMs can 
be obtained via surface adsorption of a mixture of two or more 
bifunctional compounds with different terminal chemical groups, an 

1.3  Printing by 
Self-Assembled 
Monolayers (SAMs)
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approach that combines chemically and biologically inert molecule 
modules (such as polyethylene glycol (PEG)) with different terminal 
functional groups (carboxyl, amino, maleimide, or azide) or biospe-
cifi c tags, ligands, ssDNAs, or enzymatic cofactors, among others. 

 Docking of molecules at such biocompatible interface can be 
precisely controlled in terms of orientation, surface density, con-
formation, and functional activity [ 6 ]. Therefore, the control over 
the interfacial properties and different interactions between the 
protein microarrays relies on advanced surface chemistries [ 6 ]. 
Herein, we will briefl y present the main chemical groups and the 
most convenient (easy to apply, ideal features) surface functional-
ization protocols for the fabrication of protein microarrays. 

 In general, non-covalent binding chemistries perform similar 
to covalent chemistries through amine plus cross-linkers or func-
tional groups. Specifi cally, poor signal intensities are obtained with 
amine-silane- and poly-lysine-activated surfaces, probably due to 
the lower density of immobilized antibodies. The ideal surface for 
antibody arrays should keep antibody function while allowing opti-
mal immobilization effi ciency. In such a way, hetero-functional 
activated chemistries combine both properties and are feasible with 
different functional groups, from covalent attachment groups 
(epoxy, aldehyde) to bioaffi nity groups (IDA, AMPB) [ 6 ].   

2    Materials 

       1.    Acetone (HPLC grade), ethanol (HPLC grade), acetonitrile 
(HPLC grade).   

   2.    Polydimethoxysilane (PDMS) prepolymer, 3-(2- amineethylene)
propyl-methyldimethoxysilane (AEPDMS), 3- glycidoxypropyl
trimethoxysilane (GPTS).   

   3.    Amino-phenyl-boronic (AMPB) acid, iminodiacetic acid (IDA).   
   4.    Sodium periodate (NaIO 4 ), copper sulfate (CuSO 4 ).   
   5.    Tween ®  20 (Molecular Grade).   
   6.    Bis[sulfosuccinimidyl]suberate (BS 3 ),  N -succinimidyl 

3-(2- pyridyldithio)propionate (SPDP).   
   7.    1 % (v/v) glycidol (glycidol in 100 mM NaOH, pH 10.0).   
   8.    Phosphate buffered saline (PBS).   
   9.    Amino-PEGS-thiol, hydroxy-PEGS-thiol, carboxy-PEGS-

thiol (Prochimia).      

       1.    Glass slides 76 × 26 mm.   
   2.    Gold-coated slides 25 × 76 × 1 mm with coated gold layer of 

50 nm (Nanocapture, Gentel Bioscience, USA).   
   3.    LifterSlip coverslips.   
   4.    Plasma chamber (Plasma Etch, USA).       

2.1  Reagents

2.2  Apparatus

Nanotechnology in the Fabrication of Protein Microarrays
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3    Methods 

 The reproducibility of a good monolayer of materials requires the 
surface to be cleansed of any contaminants. This cleaning can be 
achieved by using activated reactive hydroxyl groups in case of sil-
ica surface. Unfortunately, there is no universally accepted cleaning 
agent. Here, the most common methods are described (mainly 
based on combinations of acids, bases and organic solvents) ( see  
 Note 8 ). 

 All the experiments are carried out at room temperature (RT) 
unless otherwise specifi ed. 

   Several protocols are required to clean different surfaces. The com-
mon initial protocol is given as the basic protocol. 

  Basic protocol 
    1.    Carefully wash each slide with MeOH/HCl (dilution 1:1 

(v/v)) solution using a cotton wipe.   
   2.    Immerse all slides in MeOH/HCl solution for 30 min.   
   3.    Rinse with deionized water.   
   4.    Dry the slides under nitrogen gas stream immediately prior to 

the silanization process [ 10 ].    
   Protocol A for cleaning silica surfaces 

    1.    Follow the basic protocol.   
   2.    Heat the slides in concentrated H 2 SO 4  for 2 h.   
   3.    Rinse with deionized water.   
   4.    Dry the slides under nitrogen stream immediately prior to 

silanization process [ 10 ].    
   Protocol B for cleaning silica surfaces 

    1.    Follow basic protocol.   
   2.    Heat the slides in concentrated H 2 SO 4  for 2 h.   
   3.    Rinse in deionized water and boil it for 30 min.   
   4.    After rinsing, dry the slides under a stream of nitrogen just 

before the silanization process [ 11 ].    
   Protocol C for cleaning metallic surfaces 

    1.    Clean each gold metallic surface for 3 min using an oxygen 
plasma at 40 W in a plasma chamber.   

   2.    Store the slides in a non-oxidative atmosphere such as  
nitrogen [ 12 ].    

         1.    Coat the gold-coated slides with activated-PEG-thiol ( HS –
( CH  2 ) 11 – EG  6 ) to generate a homogeneous self-assembled mono-
layer (SAM) onto the gold surface. The SAM preparation 

3.1   Surface Cleaning  

3.2  Functionalization 
on  Metallic Surface  
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should be performed in a tight box fi lled with ethanol 
vapour.   

   2.    Clean the gold slides according to protocol C.   
   3.    Functionalize gold surfaces with 1 mM solution (in ethanol) of 

amino-PEG-thiol (HS–(CH 2 ) 11 –EG 6 –NH 2 ). After amino-
PEG- thiol treatment, place the cover slips and gold slides on a 
metal rack, and then place it in a close humidifi ed chamber (in 
ethanol). Incubate for 16 h.   

   4.    Wash the slides with ethanol and dry them using fi ltered air.   
   5.    Store the slides in a dry place containing silica gel packs until 

use.   
   6.    Use carboxy-PEG-thiol (HS–(CH 2 ) 11 –EG 6 –COOH) or 

hydroxy-PEG-thiol (HS–(CH 2 ) 11 –EG 6 –OH) for carboxyl acti-
vated surface or hydroxyl activated surface, respectively.     

 It is recommended to characterize the SAM by using a pro-
fi lometer, scanning electron microscopy (SEM), or atomic force 
microscopy (AFM). The AFM image should show that SAMs are 
uniformly formed on gold coated surfaces. AFM is used to analyze 
the height of the average monolayer (~2 nm) [ 1 ] ( see  Fig.  2 ).

          1.    Clean the glass slide surface according to protocol A and B.   
   2.    Cover the glass slides with 300 mL of a solution of polydimeth-

ylsiloxane (PDMS) prepolymer dissolved in acetone (concen-
trations range from 0.2 to 10 %). Once activated with PDMS, 
the glass slides are considered silanized, and they are function-
alized using different chemistries as described below.     

  A.    Amino Silanized Surface   
    1.    Cover the silanized glass surfaces with a solution of 2 % 

(v/v) 3-(2-amineethylene)-propylmethyldimethoxysilane 
(AEPDMS) in acetone.   

   2.    Incubate at room temperature (RT) for 30 min with gen-
tle orbital shaking (100 rpm).   

   3.    After the incubation step, wash the slides with acetone and 
then with distilled water.   

   4.    Dry the slide under a fi ltered forced air stream.   
   5.    Storage the slides at RT under a dried atmosphere, such as 

a dried chamber containing silica gel packs.    
  Further functionalization of the amino-silanized surface with 

cross-linkers, such as bis[sulfosuccinimidyl]suberate (BS 3 ) or 
 N -succinimidyl-3-(2-pyridylthio)propionate (SPDP), is possible, it 
is described as follows:

    1.    Cover the amino-silanized glass slides using 200 μL of 2 nM of 
BS 3  with coverslips.   

3.3  Functionalization 
on the  Silica Surface  

Nanotechnology in the Fabrication of Protein Microarrays



204

   2.    Incubate at RT for 1 h.   
   3.    Wash the slides with water and dry them under a stream of 

fi ltered air.    
   B.    Epoxy Silanized Surface   
    1.    Cover the silanized glass surfaces with a solution of 2 % of 3- g

lycidoxypropyltrimethoxysilane (GPTS) dissolved in acetone.   
   2.    Incubate at RT for 30 min with gentle orbital shaking (100 rpm).   
   3.    Wash the slides with acetone and distilled water.   
   4.    Dry under a fi ltered forced air stream.   
   5.    Storage the slides under dry and non-oxidative conditions. 

The results of using different concentrations of GPTS (0.2, 1, 
5, 10 %) are shown in Fig.  3b .

       Further functionalization of the epoxy-silanized surface with 
other chemical groups is possible as described below ( see   Note 9 ). 

  C. Aldehyde Silanized Surface 
    1.    To create the aldehyde-activated silanized glass surfaces, 

incubate the epoxy-silanized glass slides for 30 min with 
HCl (100 mM) acid solution.   

  Fig. 2    Self-assembled monolayers (SAMs). ( a ) Representation of the SAM structure formed on a substrate. ( b ) 
The  upper  SEM image and  middle  profi lometer scan represent the uniformity of a gold-coated surface. The 
 red  and  blue lines  represent the two cross sections indicated on the  upper  diagram. The  lower  diagram 
is the profi lometer scan of a bare SAM of amino-PEG-thiol without protein formed on the gold surface       
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   2.    After incubation, wash with distilled water.   
   3.    Treat the slides for 30 min with 100 mL of NaIO 4  solution 

(0.2, 1, 5, or 10 %) at RT and with mild stirring.   
   4.    Wash them dry as described above.   
   5.    Storage the slides at RT under a dried atmosphere until further 

use ( see   Note 10 ). The results of using different concentra-
tions of NaIO 4  (0.2, 1, 5, 10 %) are shown in Fig.  3a .    

   D. Aminophenylboronic Acid Silanized Surface 
    1.    Incubate freshly activated epoxy-silane-functionalized 

slides with 2 % (w/v) of aminophenylboronic (AMPB) for 
30 min at RT and with mild stirring in a buffer containing 
1 % (v/v) acetonitrile in phosphate buffered saline (PBS).   
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  Fig. 3    Different Bioaffi nity-activated surfaces. ( a ,  b ) Covalent and bioaffi nity-activated surfaces: Saturation 
curves showing the immobilization capacity of commercial poly-lysine surfaces with BS 3  cross-linker and 
aldehyde-activated surfaces using different concentrations (0.2, 1, 5, and 10 %) ( a ) and epoxy-activated sur-
faces at the same concentrations ( b ). ( c ,  d ) Bioaffi nity surfaces: Saturation curves showing the immobilization 
capacity of commercial poly-lysine surfaces and AMPB-activated surfaces (boronate) at different concentra-
tions (0.2, 1, 2, 5, and 10 %) ( c ) and IDA-Cu 2+ -activated surfaces (metal–ligand chelate) at the same concen-
trations ( d ). In all of these curves, the  x  axis is the concentration of monoclonal antibody (mAb) printed (ranging 
from 0 to 0.50 mg/ml), and the  y  axis is the normalized intensity data for 50 antibodies       
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   2.    Once activated, rinse all slides with distilled water.   
   3.    Dry under a fi ltered forced air stream.   
   4.    Store in a dried chamber containing silica gel packs until fur-

ther use. The results of using different concentrations of AMPB 
(0.2, 1, 2, 5, 10 %) are shown in Fig.  3c .    

   E. Metal–Ligand Chelate Silanized Surface 
    1.    Incubate freshly activated epoxy-silanized glass slides during 

30 min at RT with a solution (0.2, 1, 5, or 10 %) of iminodi-
acetic acid (IDA) (pH 10.0).   

   2.    Wash with distilled water.   
   3.    Incubate the IDA-activated slides overnight with 10 % (w/v) 

of CuSO 4 .   
   4.    After incubation, rinse with distilled water.   
   5.    Dry under a fi ltered forced air stream.   
   6.    Store the slides in a dried chamber containing silica gel packs 

until further use. The results of using different concentrations 
of IDA (0.2, 1, 2, 5, 10 %) are shown in Fig.  3d .    

4       Notes 

     1.    The pins for printing must be created with a precise diameter 
in which the tolerances of the pin heads are in micron and 
 sub- micron. These pins are usually made from stainless steel, 
titanium, or tungsten.   

   2.    While the pin printing method is suitable for printing many pro-
teins onto the microarrays, some other proteins are not suitable 
due to their hydrophobic and drying conditions on the array.   

   3.    Large number of pins in the robotic heads is usually accom-
modated in a pin holder with oversized pin holes that allow the 
smooth insertion and convenient removal of the pins. However, 
the problems result from the oversized pin holes are wobbly 
pins and variation of actual printing positions. The contact of 
these wobbly pins with the surface also introduces imprecision; 
since two or more pins are not aligned to contact the surface at 
the same time as all others in the head, several spots will not 
print correctly (or not at all) in that particular row or column, 
leading to array printing errors.   

   4.    The robotic pin head must travel back and forth between the 
deposition sites, the source plate and the cleaning reservoir. 
The required time may be reduced by increasing the number 
of pins and associated fl uidics channels interfaced on the print 
head, which will signifi cantly increase printer complexity and 
costs.   
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   5.    These pin materials, their respective surface fi nish/treatments, 
their cleanliness under simple rinse conditions, and the chemi-
cal composition of the print solution may affect the solution 
capillarity, and therefore the fi nal microarray print quality.   

   6.    Careful control of ambient humidity is crucial to spot desicca-
tion, spot morphology, and subsequent image analysis. The 
deposited microspots may exhibit variable dried morphologies 
based on environmental conditions. Additionally, a certain risk 
of reagent evaporation is present even before the pin contacts 
the surface. The environmental conditions of a typical pin 
printing setup are usually controlled by enclosing the entire 
arraying system in a humidity-controlled environmental cham-
ber, also acting to limit ambient dust and atmospheric con-
tamination on the array substrate. 

 Compressed air (2–3 psi and fi ltered) is used to remove 
excess liquid and dust from the functionalized glass surfaces.   

   7.    Drying of proteins can result in destabilization of secondary 
and tertiary structures, causing a change or loss of protein 
functionality.   

   8.    Proper protocols must be used for reagent and plate handling, 
fl uidics, pin loading, printing, and drying to ensure that ambi-
ent contamination and air-borne particles are not introduced 
onto printed substrates. Low signal-to-noise ratios due to fac-
tors such as complex surface capture protocols, contamination, 
and static or no-fl ow mass transport conditions must be 
avoided. Poor printing of proteins (i.e., antibody), storage, 
and shelf-life are issues that should be considered in designing 
the proper microarray protocol. Nonoptimal protocol condi-
tions such as pH, temperature, or drying, which promote vari-
ability in assay kinetics, must be avoided.   

   9.    Epoxy activated glass slides should be prepared freshly for fur-
ther chemical modifi cations, especially when epoxy groups are 
used as precursor of hetero-functional surface activation.   

   10.    Once activated, the slides should be stored for no more than 3 
months in order to obtain the expected results.         
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    Chapter 15   

 Epitope Mapping Using Peptide Microarray 
in Autoantibody Profi ling       

     Sebastian     Henkel    ,     Robert     Wellhausen    ,     Dirk     Woitalla    , 
    Katrin     Marcus    , and     Caroline     May      

  Abstract 

   The use of peptide microarrays for epitope mapping of autoantibodies greatly facilitates the early diagnosis 
of allergic, cytotoxin-associated diseases and especially infl ammatory diseases. A common approach to cre-
ate the microarrays utilizes nitrocellulose-coated glass slides for peptide probe binding, which is based on 
surface adsorption. Advantages of this method include excellent peptide binding capacity and long-term 
stability. To ensure equal accessibility to all antibodies on the peptide microarray during epitope mapping, 
all probes are immobilized in a random manner, thus avoiding concentration-dependent effects on signal 
intensity. 

 In this chapter, we provide a step-by-step protocol on how to construct the peptide microarrays and 
perform epitope mapping of autoantibodies using them. Finally we present a comparative approach for the 
evaluation of the data.  

  Key words     Peptide microarray  ,   Autoantibody profi ling  ,   Epitope mapping  ,   Nitrocellulose-coated 
glass slides  

1      Introduction 

 Peptide and protein microarrays are effective time-saving methods 
for the simultaneous analysis of greater than 20,000 different bio-
molecules in a nearly automated manner. This high-throughput 
method has been used for the identifi cation of new drugs and bio-
markers [ 1 ]. Numerous applications are available and they can be 
used to address many scientifi c questions. Typical applications 
include enzymatic activity determination and pathway mapping. 
Furthermore, one of the more prominent applications is immune 
response profi ling, particularly in the fi eld of autoimmune disease 
diagnostics, to evaluate biomarker effi cacy as well as in vaccine 
design [ 2 ,  3 ]. A particular application is epitope mapping which is 
able to identify the polyclonal antibody repertoire elicited by 
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 vaccination [ 4 ], produced due to the immunogenicity of cytotox-
ins [ 5 ] and of allergens [ 6 ], and/or produced in neuronal diseases 
[ 3 ] and in infl ammation [ 7 ,  8 ]. 

 A key mechanism of the demonstrated microarray approach is 
the antibody–antigen reaction that is similar to the one used in 
Western blot analysis and that is based on the unique recognition 
of an antigen (i.e., a peptide) by its specifi c antibody. We used a 
non-contact micro-dispensing instrument to spot the peptide solu-
tions onto a nitrocellulose-coated slide. A major advantage of pep-
tide microarrays in comparison to the commonly used Western 
blot analysis is the direct immobilization of the peptides to the 
nitrocellulose surface [ 9 ]. In contrast to interaction studies wherein 
a controlled orientation of the peptides is preferred [ 10 ], in 
immune response profi ling, a randomly oriented environment of 
peptides is preferred to facilitate equal access to functional domains 
for the antibodies [ 9 ]. All possible immunogenic epitopes and vari-
ous structures are represented by a uniform distribution of pep-
tides on the nitrocellulose surface [ 11 ]. We describe the application 
of antibody-containing human serum to a nitrocellulose-coated 
peptide microarray for the identifi cation of immunogenic peptides. 
The major advantages of this approach include the relatively high 
load of peptide probes in each spot and the long-term stability of 
the probes [ 12 ]. 

 We describe the major steps for the successful epitope mapping 
of a polyclonal antibody using the amino acid sequence of a cor-
responding immunogenic protein that has been divided into pep-
tides with a length of 21 residues and an overlap of 16 residues. 
The peptides were synthesized and subsequently lyophilized for 
storage. The subsequent steps consist of: (a) sample preparation 
with buffer handling, in which the peptides are dissolved; (b) the 
spotting process, which includes the transfer of peptides onto the 
nitrocellulose membrane; (c) the incubation of the microarrays 
with human serum, and (d) data acquisition (Fig.  1 ).

   The epitope mapping method described in this chapter includes 
general recommendations from our experience [ 3 ,  13 ] and notes 
for quality assurance. In addition, we show the dynamic range of 
detecting the test epitope (Fig.  4 ). It should be noted that this 
protocol varies between proteins and peptides and must be opti-
mized for each application and biomolecule.  

2    Materials 

       1.    Serum separator tubes (9 mL).   
   2.    Safety syringe.   
   3.    Safety holder to connect the syringe to the tube.   
   4.    Needle and blade waste container.      

2.1   Blood Sampling  

Sebastian Henkel et al.
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       1.    1 mL cryogenic tubes.      

       1.    0.1 M (w/v) ammonium bicarbonate.   
   2.    >99.0 % (v/v) trifl uoroacetic acid.   
   3.    PBS (phosphate-buffered saline, 10×), pH = 7.4; without 

 calcium chloride and without magnesium chloride.   
   4.    >99.0 % (v/v)  N , N -dimethylformamide.   
   5.    100 % (w/v) glycerol.   
   6.    100 % (v/v) Triton X-100.      

2.2  Serum 
Preparation

2.3  Peptide 
and Protein 
Preparation

hydrophilic
peptides

hydrophobic
peptides

basic neutral

dissolve peptides/
proteins

blood sampling

comparative image ananlysis scanning

incubation

spotting

mix with spotting
buffer

centrifugation

centrifugation serum preparation

serum

acidic

data acquisition and evaluation

  Fig. 1    Overview of the epitope mapping workfl ow using nitrocellulose-coated microarray slides and a non- 
contact micro-dispensing instrument. (1) The peptides and proteins are dissolved based on their physico-
chemical characteristics. (2) Simultaneously, the collection of the desired sera for a comparative study should 
be completed. (3) After spotting, the microarrays are ready for incubation with the sera and subsequent incu-
bation with a fl uorescently labeled secondary antibody. (4) The fi nal step consists of data acquisition to detect 
and measure the fl uorescence signals resulting from antibodies produced during the immune response and 
data evaluation to compare the different human subject groups (i.e., diseased vs. control)       
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       1.    Control spot antibody (Alexa Fluor 555 Goat Anti Rabbit 
IgG, Life Technologies, Darmstadt).   

   2.    Positive control antigen (HA-epitope extended with neutral 
amino acids and present as the following amino acid frequency 
SNCYPYDVPDYASLRSLVASS, Peps4Life, Heidelberg).      

       1.    Non-contact micro-dispensing instrument (instrumentONE; 
M2-Automation, Berlin).   

   2.    Piezo-element-driven micro-dispensing nozzle (instrumen-
tONE; M2-Automation, Berlin).   

   3.    PATH ®  plus  Microarray   Ultrathin Nonporous Nitrocellulose 
Slides (Grace Bio-Labs, Bend, Oregon).   

   4.    Glass slides coated with water-sensitive paper.      

       1.    Circular Microtiter Plate (MTP) shaker.   
   2.    Table centrifuge.   
   3.    Vacuum pump.   
   4.     Fluorescence   scanner.   
   5.    Four-cell tray with lid.   
   6.    Forceps.   
   7.    500 mL vacuum fi ltration unit containing a fi lter disk with a 

pore size of 0.45 μm (Filtropur V50 500 ml, 0.45 μm, Sarstedt, 
Nümbrecht).   

   8.    Polyacetal rack.   
   9.    Polyacetal trough.   
   10.    Secondary antibody (Alexa Fluor ®  647 Goat Anti-Human 

IgG, Life Technologies, Darmstadt).   
   11.    Synthetic block 10× (from Invitrogen™).   
   12.    Blocking buffer (50 mM HEPES, pH = 7.5; 25 % (w/v) glyc-

erol; 0.08 % (w/v) Triton X-100; 200 mM NaCl; and 20 mM 
reduced glutathione).   

   13.    1 M (w/v) dithiothreitol.   
   14.    Tween 20 (50 % (w/v) solution).      

       1.    Laminar fl ow hood, HEPA fi ltered and UV sterilized.   
   2.    Safety workbench.   
   3.    Centrifuge, swinging bucket rotor, adjustable acceleration and 

braking, cooling option.   
   4.    Containment for biowaste.   
   5.    pH meter.   
   6.    Water squirt bottle.   

2.4  Control Samples

2.5  Peptide Array 
Preparation

2.6  Peptide Array 
Processing

2.7  General
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   7.    0.1–2.5, 0.5–10, 2–20, 20–200, 100–1000, and 500–5000 μL 
micropipettors.   

   8.    2.5 μL, 10 μL, 20 μL, 200 μL 1000 μL, and 5 mL sterile 
micropipette tips.   

   9.    Sterile 15 and 50 mL conical centrifuge tubes.   
   10.    Stand for centrifuge tubes.   
   11.    0.5 mL microtubes.   
   12.    384-well microtiter plates.   
   13.    Ultrapure deionized water.   
   14.    ≥96 % isopropyl alcohol (technical grade).   
   15.    Disinfectant.   
   16.    Ice box.   
   17.    4 °C refrigerator, −20 °C freezer, −80 °C freezer.       

3    Methods 

       1.    Perform blood withdrawal according to local legislative regula-
tions by authorized medical personal only.   

   2.    Assemble 4 × 9 mL serum separator tubes with safety syringes 
using appropriate adapters ( see   Note 1 ).   

   3.    Fill each tube with blood obtained by venipuncture of a periph-
eral vein ( see   Note 2 ).   

   4.    Slowly invert tubes three times to ensure homogenous mixing 
of blood and uniform coagulation ( see   Note 3 ).      

       1.    Centrifuge the serum tubes at 3000 ×  g  for 10 min at room 
temperature.   

   2.    Label the cryo tubes with a unique serial identifi cation 
number.   

   3.    Prepare 500-μL serum aliquots in cryo tubes using micropi-
pettes under a safety workbench and freeze them immediately.   

   4.    Aliquots are stored at −80 °C. Avoid freeze–thaw cycles ( see  
 Note 4 ).      

     Samples are prepared from lyophilized synthetic peptides using a 
total quantity of 300 μg. The peptide sequences should partially 
overlap to cover all possible sequences and ensure that potential 
epitopes are not separated. We used peptides consisting of 21 resi-
dues with an overlap of 16 residues.

    1.    Subdivide all lyophilized peptides into four groups according 
to their solubility and isoelectric characteristics ( see   Note 5 ).   

   2.    The fi rst group includes all water-soluble peptides, regardless 
of isoelectric properties (WS-group). Pipette 360 μL of water 

3.1   Blood Sampling  

3.2  Serum 
Preparation

3.3  Peptide 
and Protein 
Preparation
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into a microtube with 300 μg of peptide, and pipette an 
 additional 40 μL of PBS (10×) into the tube ( see   Note 6 ).   

   3.    The second group includes all insoluble peptides with an acidic 
pH value. Pipette 40 μL of PBS (10×) into a microtube with 
300 μg of peptide. If the peptide does not dissolve, add 5 μL 
of 0.1 M ammonium bicarbonate followed by water giving a 
total volume of 400 μL ( see   Note 6 ).   

   4.    The third group includes all insoluble peptides with basic pH 
values. Use 5 μL of 100 % TFA to dissolve these peptides, and 
add 355 μL of water and 40 μL of PBS (10×) to each micro-
tube ( see   Note 6 ).   

   5.    The fourth group includes all insoluble peptides with neutral 
pH values. Dissolve these hydrophobic peptides with 5 μL of 
100 % DMF ( see   Note 7 ). Pipette an additional 355 μL of water 
and 40 μL of PBS (10×) into each microtube ( see   Note 6 ).   

   6.    Prepare 5 mL of peptide spotting buffer, which is a mixture of 
3.75 mL of water, 1.238 mL of glycerol and 12 μL of Triton 
X-100 ( see   Note 8 ).   

   7.    Equimolar concentrations of 0.75 μg/μL should be used for 
all peptides. Subsequently, add 50 μL of spotting buffer into 
each microtube.   

   8.    Pipette 25 μL of each peptide into each well in a 384-well 
microtiter plate. Prepare a table that includes the information 
for the peptide present in each well ( see   Note 9 ). This informa-
tion can be subsequently uploaded for analysis.   

   9.    Centrifuge the microtiter plate at 1000 ×  g  for 10 s, and seal 
the plates with an airtight seal until subsequent analysis.   

   10.    Store the microtiter plates at 4 °C if they will be analyzed the 
following day. Otherwise, the plates can be stored at −20 °C 
for approximately 3 months.      

   For quality assurance, control samples should be included within 
the peptide array.

    1.    Negative control samples should consist of all of the different 
solutions representing the different buffers used for peptide 
dissolution. Perform the various preparation steps ( see  
Subheading  3.3 ) without the peptides, and mix the solutions 
with the spotting buffer. If there is no contamination, the spots 
should not exhibit a fl uorescence signal on the fi nal peptide 
array after all incubation steps.   

   2.    Use the HA-epitope as a positive control sample. Dissolve this 
antigen and immobilize it on the slide in a similar fashion as 
the peptides ( see   Note 10 ).   

3.4  Control Samples
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   3.    Immobilize the control spot antibody, which is labeled with a 
fl uorescent probe that is monitored at a different wavelength 
than the secondary antibody for incubation ( see  Subheading 
 3.6 ,  step 12 ), in a similar fashion as the peptides ( see  
Subheading  3.3 ). The spots obtained from this sample serve 
as guide dots to ensure correct array alignment during the 
entire assay process.      

   The peptide arrays are prepared using a piezoelectric non-contact 
micro-dispensing instrument that is able to dispense liquid drop-
lets with a volume of 20–100 pL ( see   Note 11 ).

    1.    Clean the entire system and rinse the hoses with isopropyl 
alcohol. The entire process should be performed under low- 
dust and high-purity conditions ( see   Note 12 ).   

   2.    Place the microtiter plate with the samples (peptides) in the 
MTP holder of the circular MTP shaker. Shake at 150 rpm for 
5 min.   

   3.    Adjust the micro-dispensing parameters according to the phys-
icochemical characteristics of the peptide solutions in contrast 
to water with the software provided by the manufacturer. 
A longer pulse duration (μs) and higher pulse amplitude 
( voltage) may be necessary for solvents, which are more  viscous 
than water ( see   Note 13 ).   

   4.    A washing step, which is performed after each new biomole-
cule has been spotted, is established via the software. Dispense 
100 μL of solvent and 200 droplets, and wash the nozzle for 
3 s at the wash station. The external wash consists of a 6-s wash 
at the wash station and a 4-s pause interval. Individualized 
parameters for washing are also possible ( see   Note 14 ).   

   5.    Pre-dispense 150 droplets to discard any liquid that gets into 
the nozzles due to the washing fountain.   

   6.    Use a nonporous nitrocellulose fi lm-coated glass slide with low 
fl uorescence for improved detection at a high signal-to- noise 
ratio ( see   Note 15 ). Place the slides in the slide holder. The 
fi rst and last slides are coated with water-sensitive paper. These 
slides are important for a quick quality assurance. After the 
spotting step, an indicator for the complete spotting process is 
the visualization of these slides. However, spotting of a loading 
control of all spotted peptides labeled with an antibody or fl u-
orescent dye is strongly recommended.   

   7.    On the software, load the content table and create a grid by 
enabling various fi elds with blocks, which are indicated by 
guide dots, to structure the microarray. This step facilitates dot 
orientation after scanning. Furthermore, choose a randomized 
setting of triplicates for each peptide ( see   Note 16 ).   

3.5  Peptide Array 
Preparation
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   8.    Adjust the spacing distance between the spots to 600 μm ( see  
 Note 17 ). A typical image of these spots dispensed on a slide 
is shown in Fig.  2 .

       9.    When the settings are complete, begin a test run by using 
water or a cheap test peptide prior to using the samples to pro-
duce the arrays. If there are any errors in the automated work-
fl ow, the wastage of the samples is prevented ( see   Note 18 ).   

  Fig. 2    Comparison of a water-soluble peptide with 0.08 % Triton X-100 ( a  and  c ) and a hydrophobic peptide in 
buffer without Triton X-100 ( b  and  d ). The peptides are spotted in triplicate at concentrations of 1, 0.5, and 0.25 
μg/μL. Part( a  and  b)  show the fl uorescence signals detected with a high sensitivity interline charge-coupled 
scanner at a resolution of 10 μm 2 /pixel with a dynamic range larger than 12-bit and an exposure time of 
10,000 ms. Part( c  and  d ) show the spots prior to incubation using a microscope with fi vefold magnifi cation. In 
( a ), homogenous signal intensity from the spots due to the presence of Triton X-100 in the spotting buffer is 
shown. Enhanced adsorption of the spots onto the nitrocellulose membrane is also apparent in ( c ) in compari-
son with ( d ). The light microscope image without Triton X-100 ( d ) shows raised spots because of higher sur-
face tension compared with the samples containing Triton X-100 ( c ). The  spots  in ( b ) exhibit a halo-shaped 
structure and an inhomogeneous fl uorescence signal; this is often observed in samples without detergent and 
derives from high surface tension with subsequent irregular drying from the inside to the outside [ 10 ]. Within 
the spot, immobilization and accumulation of the biomolecules is favored at the outer rim [ 2 ]       
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   10.    If necessary, optimize the parameters and produce the peptide 
arrays under standardized conditions (low-dust environment, 
room temperature and 40–50 % humidity).   

   11.    If some samples could not be spotted, they can be re-spotted 
as long as the array slide has not been moved.   

   12.    Dry the spotted microarray slides for 48 h at room tempera-
ture under the dust-free workbench and do not move them. 
Then, the arrays can be stored at −20 °C for 3 months.    

       The following peptide array processing procedures have been 
modifi ed from the instructions from Invitrogen™ for ProtoArray ®  
Human Protein Arrays and the modifi ed procedures have been 
previously tested in various applications for immune profi ling [ 3 , 
 14 – 16 ]. First, prepare the blocking buffer and washing buffer 
solutions. The step-by-step instructions provide an example of 
how to incubate four peptide arrays.

    1.    All reagents and vessels should be cooled to 4 °C prior to use.   
   2.    Prepare 50 mL of blocking buffer working solution by mixing 

5 mL of synthetic block solution (10×) and 45 mL of blocking 
buffer ( see   Note 19 ) and 0.1 mL of 1 M DTT.   

   3.    Prepare washing buffer as a mixture of 60 mL of PBS (10×), 3 
mL of Tween 20 (10×), 60 mL of synthetic block (10×), and 
deionized water to a total volume of 600 mL.   

   4.    Filter the washing buffer using the vacuum fi ltration unit 
together with a pump to remove lint by vacuum suction.   

   5.    Thaw the self-made peptide arrays at 4 °C for 15 min, then 
at room temperature for an additional 15 min. During this 
time, cool the required volume of deionized water at 4 °C 
( see   Note 20 ).   

   6.    Scan the arrays at the wavelength at which the control sample 
spots fl uoresce prior to incubation with antibodies ( see   Note 21 ).   

   7.    Place the arrays in the tray ( see   Note 22 ), and pipette 5 mL of 
the prepared blocking buffer into each tray chamber.   

   8.    Incubate the arrays with the blocking buffer at 4 °C for 60 min 
with horizontal rotation using the circular MTP shaker (150 
rpm). During this time, dilute the human serum with washing 
buffer at a ratio of 1:250 ( see   Note 23 ).   

   9.    Remove the blocking buffer carefully and rapidly using a vac-
uum pump. Pipette 5 mL of washing buffer into the chamber, 
and incubate the array for 5 min at 4 °C with horizontal rota-
tion ( see   Note 24 ).   

   10.    Remove the washing buffer and add the diluted serum to each 
chamber. Incubate the arrays for 90 min at 4 °C with horizon-
tal rotation.   

3.6  Peptide Array 
Processing
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   11.    Remove the sera and pipette 5 mL of washing buffer into each 
chamber. Incubate the arrays for 5 min at room temperature, 
and repeat this washing step for a total of fi ve times.   

   12.    Dilute the secondary antibody at a ratio of 1:2000 with wash-
ing buffer, and pipette 5 mL into each chamber. Incubate the 
arrays with these antibody for 90 min at 4 °C with horizontal 
rotation.   

   13.    Remove the antibody and repeat the fi ve washing steps ( see  
Subheading  3.6 ,  step 7 ).   

   14.    Perform the last washing step with water. The microarrays will 
be sequentially sorted into a prepared rack that is located in a 
watertight box ( see   Note 25 ).   

   15.    Place the racks into dry boxes without lids and centrifuge at 
3000 ×  g  for 2 min.   

   16.    After centrifugation, take images of the microarrays, and digi-
talize the different images directly for optimal comparability of 
the results using a fl uorescence scanner ( see   Note 26 ).   

   17.    After scanning, the arrays may be stored for a longer time 
under a modifi ed atmosphere (argon) in sealed opaque pouches 
at 4 °C.   

   18.    Import the data into R (a free software environment for statis-
tical computing)  via  Bioconductor using the Limma package, 
and choose cyclic local regression (cyclic loess) as the normal-
ization method to preprocess the arrays ( see   Note 27 ). 
Subsequent selection and sorting of peptide candidates can be 
performed based on the “minimum M-Statistic”  p -value 
(“ M -score” [ 13 ,  17 ]).    

4       Notes 

     1.    The appropriate blood sampling system/adapters should be 
chosen by authorized and experienced medical personal.   

   2.    Coagulation times may differ according to the instruction 
manual for the serum tubes.   

   3.    Ensure that the blood is coagulated and non-hemolytic.   
   4.    Although human serum can be frozen for years without a sig-

nifi cant loss in antibody activity [ 18 ], for a comprehensive 
analysis, the subsequent incubation of serum on the peptide 
microarray should be performed over a short period of time 
under standardized conditions (particularly, temperature and 
humidity).   

   5.    If the information is not available for the peptides, use a free 
peptide property calculator (e.g., Innovagen) to obtain bio-
physical properties and an estimation of the water solubility. 
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If possible, use water to dissolve the peptides. In most cases, 
peptides are readily soluble in water; however, experimental 
verifi cation may be required.   

   6.    We recommend the use of low bind tubes (e.g., Eppendorf 
LoBind Tubes), to prevent loss of peptide by sample-to- surface 
binding. If the quantity of the peptides is not known, perform an 
analysis using UPLC. Adjust all concentrations to 0.75 μg/μL.   

   7.    Use glass as the reaction container, and do not store DMF- 
containing liquids in polymeric containers. DMF is a polar 
organic solvent that dissolves polyacrylic fi bers, vinyl resins and 
polyacetylene. DMF also causes fi rst degree burns upon short 
exposure and it is toxic to the liver [ 19 ].   

   8.    Triton X-100 is required to reduce the surface tension of water 
to prevent annular (or donut-shaped) inhomogeneous fl uores-
cent spots ( see  Fig.  2 ). Glycerol is primarily used to increase phys-
ical adsorption, and hence, to increase the binding capacity [ 20 ].   

   9.    The template of the table with the peptide information depends 
on the software used.   

   10.    There are various options in the selection of positive controls. 
The specifi ed option is only a technical control to verify that 
the incubation was properly performed and that all solutions 
and antibodies function well. Different peptides with physico-
chemical properties that are similar to those of the sample pep-
tides (particularly in their affi nity for the antibody) may be 
used as positive controls. However, this control approach is 
diffi cult to implement for an immune response profi le because 
of the magnitude of interindividual differences. Furthermore, 
there are also intra-individual fl uctuations in antibody titer 
[ 21 ]. Therefore, this positive control approach is more suitable 
for peptide–protein and protein–protein interactions.   

   11.    The dispensed volume usually varies between different nozzles 
obtained from the manufacturer. Therefore, always make an 
individualized adaption of dispensing parameters according to 
the data sheet, which the nozzle included.   

   12.    Dust or other particles that are visible after scanning may lead 
to false-positive results.   

   13.    The micro-dispensing parameters must be adjusted according 
to the viscosity of the spotting buffer and samples. All samples 
should be handled using identical global parameters once the 
settings have been tuned. If the characteristics of the peptides 
substantially differ, individual parameter settings are also possi-
ble. Figure  3  shows the perfect trajectory of a drop (stable size, 
linear and vertical trajectory without satellite droplets). Note 
that these parameters must always be evaluated in two mutually 
orthogonal planes, to ensure a three-dimensional assessment of 
the mentioned drop morphology and trajectory.
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        14.    The wash should consist of a complete wash (i.e., a wash after 
the sample is spotted and an external wash conducted to pre-
vent cross-contamination). Individualized parameters are nec-
essary if you use peptides with specifi c physicochemical 
properties and particularly viscous buffers so that the nozzle 
does not get clogged.   

   15.    Background noise is reduced when the slide surface is coated 
with ultrathin, nonporous dark nitrocellulose (Fig.  4 ) [ 22 ]. We 
recommend the use of PATH plus  Microarray   slides from 
Grace Bio-Labs.   

   16.    The randomized settings are necessary to avoid cross-reaction 
and mixing of the various peptide samples.   

   17.    When more droplets are dispensed, the distance should be 
carefully adapted to avoid bleeding and cross-reactivity. For 
instance, for the deposition of fi ve droplets with a volume of 
approximately 80 pL, the center-to-center spacing is 600 μm.   

   18.    A test run should be performed to verify that the micro- 
dispensing parameters apply to all of the samples, so that the 
wash is effective, so that the dispensing nozzle does not get 
clogged, and so that possible exceptions are spotted. In this 
occasion, possible exceptions are peptides with special or dif-
ferent physicochemical properties in contrast to the remaining 
peptides. Adjust the micro-dispensing parameters and save the 
settings for these peptides in your software for an automated 
production of microarrays.   

  Fig. 3    Sample trajectory of a 53-pL droplet during micro-dispensing recorded with two orthogonally oriented 
cameras. The droplet was formed using the following settings of a piezo-element-driven micro-dispensing 
(PDMD) nozzle: pulse duration = 10 μs, voltage = 87 V, frequency = 200 Hz. The droplet volume may vary and 
depends on both the nozzle and the physicochemical properties of the solutions (peptides and buffer)       
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   19.    The specifi ed buffer has a low fl uorescent background and it 
also protects the biomolecules on the surface of the array [ 20 ].   

   20.    During the entire experiment, all materials and solutions should 
be cooled to 4 °C to ensure a standardized environment and to 
avoid rearrangements of the molecules (peptides) at high tem-
peratures. Additionally, tighter binding of human IgG antibod-
ies and peptides is observed at 4 °C [ 23 ,  24 ]. After the solutions 
have been prepared, the following guidelines for handling 
microarrays should be observed: (a) Use gloves in handling the 
microarray slide, and it should only be touched on the edge or 
on unspotted locations (never touch the spotted area!). (b) The 
microarray surface should only be pointed upwards. The only 
exception is during the scanning process, wherein the microar-
ray orientation depends on the manufacturer.   

   21.    The quality control step detects the guide dots and checks for 
impurities on the array. Prior to scanning, the scanner should 
be started 30 min to warm up.   

   22.    After this step, the entire experiment will be performed under 
a clean beach. Solutions should not be directly pipetted onto 
the slide. Add solutions next to the array inside the chamber 
using only a 5 mL micropipette.   
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  Fig. 4    Dynamic range of the test sample (modifi ed HA-epitope). We probed fi ve separate arrays with the modi-
fi ed HA-epitope. The fl uorescence signal is obtained from the secondary antibody (Alexa Fluor ®  647 Goat 
Anti-Human IgG) measured by a fl uorescence scanner with a 635 nm wavelength laser diode. Graphs display-
ing median fl uorescence signal of a dilution series of the modifi ed HA-epitope ranging from 0.01 to 1.5 μg/μl 
and the corresponding background signal, in triplicates       
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   23.    A total of 5 mL of diluted serum is required for each chamber 
of the tray. Therefore, mix 20 μL of the four different sera with 
5 mL of washing buffer in four different 15 mL tubes.   

   24.    The surface of the array must be wet throughout the procedure. 
The microarray should only be dried at the end of the incubation 
prior to scanning as described in the protocol (a short immersion 
in deionized water and subsequent centrifugation). This drying 
step ensures low background from solvents and artifi cial residues, 
which can increase the background signal.   

   25.    Prevent drying of the spotted surface before and during micro-
array sorting by working quickly and maintaining the humidity 
at approximately 50 %.   

   26.    Choose excitation wavelengths and emission fi lters according 
to the control sample spots and the secondary antibodies for 
detection. Scanner settings are as follows: detection: high sen-
sitivity interline charge-coupled device; resolution: 10 μm 2 /
pixel; dynamic range: larger than 12-bit; and exposure time: 
10,000 ms.   

   27.    Limma [ 25 ] is one of the few R [ 26 ] packages that provides 
full non-Affymetrix single-channel microarray support includ-
ing generic data objects, background correction, log transfor-
mation and three different normalization approaches (i.e., 
variance stabilization, quantile and cyclic loess normalization). 
This method is adopted by Jiang et al. [ 27 ] and described by 
May et al. [ 3 ] for highly immune-reactive IgG antibody selec-
tion of biomarkers in amyotrophic lateral sclerosis patients.         
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    Chapter 16   

 Preparation of Glycan Arrays Using Pyridylaminated 
Glycans       

     Shin-ichi     Nakakita      and     Jun     Hirabayashi     

  Abstract 

   We describe the method to prepare neoglycoproteins from the conjugation of bovine serum albumin and 
pyridylaminated glycans. Large quantities of glycans (>1 mg) can be pyridylaminated and then converted 
to their 1-amino-1-deoxy derivatives by reaction with hydrogen followed by hydrazine. These pyridylami-
nated glycans can then be conjugated to bovine serum albumin via esterifi cation with  N -(  m - 
maleimidobenzoyloxy   )succinimide to form a neoglycoprotein, e.g., glycosylated bovine serum albumin. 
As a demonstration, we prepared High-mannose bovine serum albumin, which was immobilized on an 
activated glass slide. Then, we showed that the neoglycoprotein bind to Cy3-labeled  Lens culinaris  agglu-
tinin, a mannose-specifi c plant lectin, as detected using an evanescent-fi eld-activated fl uorescence scanner 
system.  

  Key words      Pyridylamination    ,   1-Amino-1-deoxy derivative  ,    Neoglycoprotein    ,   Glycan array  , 
  Evanescent-fi eld-activated fl uorescence scanner  

1      Introduction 

 DNA and protein arrays have been widely used in genomic and 
proteomic investigations. For instance, DNA arrays were used for 
expression profi ling, whereas protein arrays were employed for 
identifi cation of drug targets [ 1 ,  2 ]. More recently, glycan arrays 
have been used in glycomic studies [ 3 – 7 ]. Glycans, which are sug-
ars found on the surface of all cells, participate in various biologi-
cal phenomena, e.g., microbial infection, immune responses, 
signaling for cell differentiation, and tumor-cell metastasis [ 8 – 10 ]. 
Such glycomic studies require large quantities (mg amounts) of a 
structurally defi ned glycan array, and their preparation can be a 
costly and labor-intensive undertaking. To date, most glycans that 
have been used in glycan arrays were prepared by complicated 
organic synthetic methods [ 11 – 13 ]. Herein, we report a simple 
procedure to prepare a synthetically modifi ed glycoprotein called 
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a neoglycoprotein ( see  Fig.  1 ). Large amounts of a specifi c glycan 
or mixture of glycans can be obtained by hydrazinolysis of an 
appropriate biomaterial, such as hen egg yolk [ 14 – 17 ]. After the 
glycan is converted to its pyridylaminated (PA) derivative ( see  Fig. 
 2 ), the purifi cation of PA-glycan is carried out by conventional 
HPLC. After purifi cation, the PA-glycan is converted to its 
1-amino-1-deoxy derivative [ 18 ], which is then directly coupled to 
a protein carrier ( see  Fig.  3 ). As an example, bovine serum albumin 
(BSA) is used and it is conjugate to the PA-glycan via an appropri-
ate bifunctional cross-linker, e.g.,  N -( m -maleimidobenzoyloxy)
succinimide (MBS) to generate the neoglycoprotein, e.g., M8A-
BSA. As a demonstration of this method, the glycan is bound to a 
lectin which is mannose-specifi c. We show that M8A-BSA can bind 
the ( see  Fig.  4 ) Cy3-labeled plant lectin,  Lens culinaris  agglutinin 
(LCA) as documented using an evanescent fi eld-activated fl uores-
cence scanner [ 19 ]. We have also studied infl uenza virus binding 
by using the appropriate neoglycoprotein ( see  Fig.  5 ).

  Fig. 1    Flow diagram for purifi cation of a PA-glycan from biomaterials       

  Fig. 2     Pyridylamination   of a glycan and its conversion to 1-amino-l-deoxy-
glycan       
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2           Materials 

       1.    Lyophilized biomaterials (e.g., glycoprotein or tissue).   
   2.    Anhydrous hydrazine.   
   3.    Screw-cap test tubes with a Tefl on seal (10 × 100 mm: 7.85 

mL, 20 × 250 mm: 78.5 mL).   
   4.    Saturated sodium bicarbonate solution.   
   5.    Acetic anhydride.   

2.1  Preparation 
of PA-Glycans 
from Glycoproteins

  Fig. 3    Reduction of PA-glycan to 1-amino-l-deoxy-glycan, preparation of MSB-glycan, and its coupling to 
reduced BSA       

  Fig. 4    Assay for the binding of biotinylated LCA on a glycan array immobilized 
with M8-BSA. Varying concentrations of M8-BSA (10–1000 μg/mL) were spotted 
on an epoxy-coated glass slide. Ligand coupling was measured using 10 ng/mL 
of biotinylated LCA and 1 ng/mL Cy3-labeled streptavidin. Fluorescent images 
were immediately acquired using the evanescent fi eld-activated scanner       
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   6.    Dowex cation exchanger 50 W-X2, (H +  form; 200–400) (Bio- 
Rad Laboratories, Hercules, CA).   

   7.    2-Aminopyridine as the coupling reagent: 5.52 g of 
2- aminopyridine dissolved in 2 mL acetic acid Borane- 
dimethylamine complex as the reducing reagent: 2 g of borane- 
dimethylamine complex dissolved in 0.8 mL of acetic acid and 
0.5 mL of water.   

   8.    Anionic exchange column Mono-Q HR 5/5 (0.5 × 5.0 cm, 
GE Healthcare, Pittsburgh, PA).     
 Mono-Q elution system  A : ammonia (aq) , pH 9.0. 
 Mono-Q elution system  B : 500 mM ammonium acetate 
(adjusted to pH 9.0 with ammonia (aq) ).

    9.    Reversed-phase HPLC column Cosmosil 5C18P (1.0 × 25 cm; 
Nacalai Tesque, Kyoto, Japan).    

  50 mM ammonium acetate (adjusted to pH 4.0 with acetic 
acid), 0.5 % (v/v) 1-butanol, 0.1 % (v/v) 1-butanol.  

  Fig. 5    Binding assay of infl uenza virus (H1N1 Narita 2009 strain) against sialyl-
α- 2,3LacNAc BSA and sialyl-α-2,6LacNAc BSA. Various concentrations of 
sialyl-α-2,3 and 2,6LacNAc-BSA (10–1000 μg/ml) were spotted into the wells of 
an epoxy-coated glass slide (6 nL/1 spot). H1N1 infl uenza virus (Narita 2009 
strain) in binding buffer (2 2  hemagglutinin units) was applied to each of the 
arrays and incubated at 25 °C for 1 h. Then the arrays were incubated with anti- 
infl uenza virus rabbit antibody at 25 °C for 1 h, and then with anti-rabbit antibody 
conjugated to Cy3 at 25 °C for 1 h. Fluorescent images were immediately 
acquired using the evanescent-fi eld-activated scanner. The H1N1 infl uenza virus 
bound only to sialyl-α-2,6LacNAc       
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       1.    Man 8 GlcNAc 2  (M8A), where Man represents mannose.   
   2.    Sialyl-α-2,3-LacNAc and Sialyl-α-2,6-LacNAc.   
   3.    Palladium black.   
   4.    Hydrogen gas.   
   5.    Thin layer chromatographic (TLC) plates.   
   6.    Chromatographic column TSK-gel HW-40F (1.6 × 90 cm; 

Tosoh Co., Tokyo, Japan).   
   7.    Ninhydrin.      

       1.    Bovine serum albumin (BSA).   
   2.     N -( m - m aleimidobenzoyloxy)succinimide (MBS).   
   3.    NaBH 4 .      

       1.    Silicone rubber sheet (7-chamber type) attached to an epoxy- 
coated glass slide (Rexxam Co., Ltd., Osaka, Japan).   

   2.    Binding buffer: 25 mM Tris–HCl, pH 7.4, 0.8 % NaCl, 1 % 
(v/v) Triton X-100, 1 mM MnCl 2 , CaCl 2 .   

   3.    Biotinylated  Lens culinaris  agglutinin (LCA).   
   4.    Streptavidin-conjugated Cy3.   
   5.    H1N1 infl uenza virus (Narita 2009 strain).   
   6.    Anti-infl uenza virus rabbit antibody, anti-rabbit antibody con-

jugated to Cy3 (Cosmobio Co., Ltd., Tokyo, Japan).   
   7.    Evanescent-fi eld-activated scanner (Bio-Rex Scan 200; Rexxam 

Co., Ltd.).       

3    Methods 

   The following procedure has been reported in our previous work [ 15 ].

    1.    Place a lyophilized sample of a biomaterial, such as glycopro-
tein or tissue (<150 mg),at the bottom of a screw-cap test 
tube.   

   2.    Add 5 mL of anhydrous hydrazine into the tube ( see   Notes 1  
and  2 ).   

   3.    Close the screw-cap.   
   4.    Incubate the tube at 100 °C, 10 h.   
   5.    Remove hydrazine in vacuo using a rotary pump connected to 

a glass cold trap.   

2.2  Conversion 
of a PA-Glycan to Its 
1-Amino-l- deoxy 
Derivative

2.3  Conjugation 
of the 1-Amino- l-
deoxy PA-Glycan 
Derivative and BSA 
to Form 
a  Neoglycoprotein  

2.4  Binding Assay 
Using 
the  Neoglycoprotein  

3.1  Preparation 
of PA-Glycans 
from Glycoproteins
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   6.    Add 10 mL of saturated sodium bicarbonate solution and 0.4 
mL of acetic anhydride.   

   7.    Leave the tube at 0 °C for 30 min.   
   8.    Add 25 g of cationic exchanger: Dowex 50W-X2 (H +  form) to 

a beaker.   
   9.    Mix the content of the tube to the cationic exchanger, and 

then pour the mixture into a glass column.   
   10.    Wash the column with fi ve volumes of water.   
   11.    Collect the outfl ow that contains the free glycan. Then, con-

centrate and lyophilize it.   
   12.    Perform pyridylamination by adding 0.5 mL of the coupling 

reagent: 2-aminopyridine ( see   Note 3 ) to the lyophilized gly-
can. After complete mixing of the reagents, heat the mixture 
at 90 °C for 1 h.   

   13.    Perform reduction by adding 1.8 mL of the reducing reagent: 
borane-dimethylamine complex.   

   14.    Heat at 80 °C, 35 min.   
   15.    Add 0.9 mL of water.   
   16.    Add 0.9 mL of phenol–chloroform (1:1 v/v) and mix well.   
   17.    Centrifuge the solution at 200 ×  g  for 1 min.   
   18.    Carefully collect the upper (aqueous) phase and transfer it to a 

new screw-cap tube.   
   19.    Repeat  steps 15 – 17  for two more times.   
   20.    Recover the water phase and lyophilize the pyridylaminated 

glycan.   
   21.    Dissolve the lyophilized sample in water and perform anionic 

exchange chromatography using a Mono-Q column.   
   22.    Equilibrate the Mono-Q column with Solvent A at a fl ow rate 

of 1.0 mL/min, and column temperature at 25 °C. Inject the 
PA-glycan sample and elute using 100 % Solvent A (0 % Solvent 
B). Fluorescent detection was conducted using an excitation 
wavelength of 310 nm and an emission wavelength of 380 nm.   

   23.    After 5 min., increase the proportion of Solvent B with a linear 
gradient from 0 to 10 % B at 10 min., to 30 % B at 22 min., 
and then to 100 % B at 27 min.   

   24.    Collect fractions that contain PA-glycans based on the fl uores-
cent detector signal. 

 Perform reversed-phase HPLC using the Cosmosil 5C18P 
column use the elution solvent: 50 mM ammonium acetate 
(adjusted to pH 4.0 with acetic acid), 0.5 % (v/v) 1-butanol 
( see   Note 4 ). Use a fl ow rate of 3.0 mL/min. and column 
temperature at 25 °C. Detection of PA-glycans was conducted 
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using an excitation wavelength of 320 nm and an emission 
wavelength of 400 nm.   

   25.    Collect the fractions that contain the PA-glycans.   
   26.    Purify the PA-glycan of interest by performing a second-time 

of reversed-phase HPLC ( see   Note 4 ). The elution solvent is 
50 mM ammonium acetate (adjusted to pH 4.0 with acetic 
acid) and 0.1 % (v/v) 1-butanol. Use a fl ow rate of 3.0 mL/
min. and column temperature at 25 °C. Detection of PA- 
glycans was performed using an excitation wavelength of 
320 nm and an emission wavelength of 400 nm.   

   27.    Collect the fractions that contain the PA-glycans.   
   28.    Lyophilize and store the PA-glycans.    

     The following procedure has been briefl y described in a previous 
publication [ 18 ].

    1.    Lyophilize >100 nmol of the PA-glycan in a test tube.   
   2.    Add 5 mL of 0.1 % (v/v) acetic acid to the tube and mix well.   
   3.    Add 5 mg of palladium black powder.   
   4.    Reduce the PA-glycan by bubbling into the tube with hydro-

gen gas at atmospheric pressure and room temperature for 3 h 
( see   Note 5 ).   

   5.    Reduction of a PA-glycan can be monitored using thin layer 
chromatography (TLC) ( see   Note 6 ).   

   6.    Filter the reaction mixture through a 0.22-μm Milex fi lter into 
a new test tube to remove palladium black ( see   Note 7 ).   

   7.    Evaporate the fi ltrate in the tube to dryness to obtain a solid 
residue.   

   8.    Add 1 ml of anhydrous hydrazine to the tube.   
   9.    Seal the tube and heat the solution at 70 °C for 2 min.   
   10.    Remove hydrazine by vacuo and dry the residue.   
   11.    Add 0.5 mL of 10 mM acetic acid.   
   12.    Purify the 1-amino-1-deoxyglycan using a HW-40F chroma-

tography column. Elute with 10 mM acetic acid using gravita-
tional fl ow and column temperature at 25 °C.   

   13.    Test the fractions with ninhydrin and pool the ninhydrin- 
positive fractions and lyophilize.    

     The following procedure is based on that found in a previous pub-
lication [ 20 ,  21 ] . 

    1.    Place >10 μmol of a lyophilized 1-amino-l-deoxy-glycan into 
a test tube ( see   Note 8 ).   

3.2  Conversion 
of a PA-Glycan 
to 1-Amino-l- deoxy 
Glycan ( See  Fig.  2 )

3.3  Preparation 
of the  Neoglycoprotein   
( See  Fig.  3 )
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   2.    Add 0.2 mL of 0.5 M sodium phosphate (pH 7.0) to the tube 
and mix well.   

   3.    Add 50 mg of  N-(m -maleimidobenzoyloxy)succinimide 
(MSB) which has been dissolved in 0.2 mL DMF to convert 
1-amino-l-deoxy-glycan to MSB-glycan.   

   4.    Heat at 30 °C for 30 min.   
   5.    To remove unreacted MSB, extract the mixture in the tube 

with 0.2 mL of CH 2 Cl 2  for three times.   
   6.    Carefully collect the aqueous phase that contains the MSB- 

glycan and place it into a new test tube.   
   7.    The MSB-glycan will be coupled to BSA to produce the neo-

glycoprotein. BSA has been reduced to remove disulfi de 
linkage( see   Note 9 ).   

   8.    Add the MSB-glycan solution (1 μmol/0.4 mL) dropwise 
into the solution containing reduced BSA (100 nmol 
BSA/1.24 mL).   

   9.    Mix and incubate at room temperature for 2 h.   
   10.    Dialyze the mixture extensively against 50 mM Tris–HCl, pH 

7.4, 0.15 M NaCl ( see   Note 10 ).   
   11.    Concentrate the sample to produce the neoglycoprotein at an 

equivalent of 2 mg BSA/mL.    

     The following procedure is based on a previous report [ 12 ,  20 ,  21 ] . 

    1.    Attach the 7-chamber silicone rubber sheet on an epoxy- 
coated glass slide.   

   2.    Individually, place a drop (6 nL) of the neoglycoprotein into 
the chambers on top of an epoxy-coated glass slide.   

   3.    Place the slide into a humidity-controlled box at 25 °C for 15 
h.   

   4.    Wash the slide with the binding buffer three times.   
   5.    Apply 80 μL of lectin solution into each chamber. For lectin 

assay, use 10 ng/mL of biotinylated LCA. For infl uenza virus 
assay, use 2 2  hemagglutinin units of H1N1 infl uenza virus.   

   6.    Incubate at 25 °C, 1 h.   
   7.    Remove the lectin solution from the chamber.   
   8.    For LCA, apply 1 ng/mL of Cy3-conjugated streptavidin (80 

μL) in the chamber on the slide, and incubate at 25 °C for 1 h.   
   9.    For H1N1 infl uenza virus, incubate with anti-infl uenza virus 

rabbit antibody at 25 °C for 1 h, and then with anti-rabbit 
antibody conjugated to Cy3 at 25 °C for 1 h.   

3.4  Binding Assay 
Using 
the  Neoglycoprotein  
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   10.    Remove the solution from the chambers. Fluorescent images 
were immediately acquired using the evanescent fi eld-activated 
scanner ( see   Note 11 ).   

   11.    The results for the lectin assay are shown in Fig.  4 .   
   12.    The data for the infl uenza virus assay is depicted in Fig.  5 . The 

H1N1 infl uenza virus bound only to sialyl-α-2,6LacNAc ( see  
 Note 12 ).    

4       Notes 

     1.    Anhydrous hydrazine is a strong base/reducing reagent. 
Anhydrous hydrazine is highly explosive too ( see   Note 2 ). 
Care should be taken when handling the liquid. Safety equip-
ment, e.g., goggles and gloves, should be worn, and the oper-
ation should be carried out in a fume hood.   

   2.    Hydrazine monohydrate, which is not explosive, can be used 
in place of explosive anhydrous hydrazine to prepare mg 
amounts of  N -glycans. For example, 0.58 mg of disialo- 
biantennary  N -glycan (240 nmol) was prepared from 600 mg 
of hen egg yolk powder using 60 mL of hydrazine monohy-
drate [ 17 ].   

   3.    The coupling reagent 2-aminopyridine is a very viscous liquid 
and it is not easy to mix it with glycans. To completely mix and 
dissolve a glycan in acetic anhydride, the full length of the 
reaction tube is warmed with a hot air blower with setting on 
High and the tube is also vortexed until the glycans are com-
pletely dissolved.   

   4.    The fi rst HPLC is performed to bulk separate a glycan mix-
ture, whereas the second HPLC is conducted to separate indi-
vidual glycans with good purity. In our experience, almost all 
 N -glycans obtained from vertebrates can be separated in this 
manner.   

   5.    Hydrogen gas is highly fl ammable in air under a wide range of 
hydrogen-air compositions. The work should be done in a 
fume hood.   

   6.    Reduction of a PA-glycan can be monitored as the disappear-
ance of the fl uorescence due to the loss of pyridine. To achieve 
this, periodically take a drop of the reaction mixture and spot 
it onto a TLC plate and observe the fl uorescence induced by 
UV irradiation.   

   7.    Palladium black is a fi ne metal powder and it may easily ignite, 
particularly when dry. The powder should be kept under water 
when not in use.   

Preparation of Glycan Arrays Using Pyridylaminated Glycans
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   8.    The amount of glycan is adjusted so that the molar ratio of 
BSA to glycan is 1:10.   

   9.    Before coupled with MSB-glycan, BSA is fi rst reduced. Into a 
screw cap tube (10 × 100 mm), mix 6.9 mg of BSA and 0.3 
mL of 6 M urea in 0.01 M EDTA to completely dissolve the 
BSA. Add 12 mg of NaBH 4  and incubate at room temperature 
for 10 min. Add 0.12 mL of 1-butanol, mix, and incubate at 
room temperature for 20 min. Finally, add 0.6 ml of 0.1 M 
NaH 2 PO 4  and 0.24 mL of acetone. This reduced BSA sample 
has to be used immediately after preparation.   

   10.    Dialysis should be performed at a low temperature (i.e., 
10–20 °C) to prevent precipitation of the neoglycoprotein.   

   11.    For the glycoprotein–lectin interaction assay, we usually use an 
evanescent fi eld-activated fl uorescence scanner [ 12 ], which 
allows for the highly sensitive and reproducible detection of 
the fl uorescence.   

   12.    Detection limit of infl uenza virus using the neoglycoprotein 
array is 2 2  hemagglutinin units, whereas that for a conven-
tional assay is 2 8 –2 9  units (or ~10 μg/mL) [ 22 ].         
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    Chapter 17   

 Competitive Immunoassays Using Antigen Microarrays       

     Zhaowei     Zhang    ,     Weihua     Hu    ,     Qi     Zhang    ,     Peiwu     Li     , and     Changming     Li      

  Abstract 

   In this work, a non-fouling antigen competitive immunoassay microarray based on the polymer brush is 
reported to detect multiple mycotoxins. The detection is achieved by utilizing highly specifi c monoclonal 
antibodies produced in our laboratory. The polymer brush, poly[oligo(ethylene glycol) methacrylate-c o- 
glycidyl methacrylate] (POEGMA- co -GMA), is synthesized via surface-initiated atom transfer radical 
polymerization (SI-ATRP) on standard glass slides. In the polymer brush, the epoxy groups of glycidyl 
methacrylate (GMA) residues provide covalent binding sites for spotted antigens. Moreover, the abundant 
poly(ethylene glycol) (PEG) side chains in the brush are able to ultimately suppress the nonspecifi c protein 
adsorption in solution (non-fouling). The polymer brush shows a high and uniform protein loading, along 
with a high resistance to nonspecifi c protein absorption that are both important to achieve a highly sensi-
tive immunoassay. As a demonstration of a multiplex assay, afl atoxin B1 (AFB1), ochratoxin A (OTA), and 
zearalenone (ZEN) are selected as antigen targets for simultaneous detections using the microarray.  

  Key words     Competitive immunoassay  ,   Antigen microarray  ,    Mycotoxins    ,   Polymer brush  

1      Introduction 

 The antigen microarray provides a novel strategy to realize high- 
sensitivity, high-specifi city, and high-throughput immunoassay [ 1 , 
 2 ]. Generally, the targets of interest detected using antigen micro-
arrays are pathogens (i.e., viruses or bacteria) found in food, envi-
ronmental, and medical samples. Immunoassays by the antigen 
microarray have emerged for detection of multiplexed targets such 
as chemical contaminants because this method can provide quanti-
tative data of targets on larger numbers of samples. It is often desir-
able to analyze a number of proteins in samples, but usually, the 
information about a focused set of target molecules is suffi cient. In 
recent years, antigen microarrays have evolved as powerful tools to 
address the high-throughput requirements by transferring tradi-
tional immunoassay, e.g., ELISA, into a miniaturized format. On 
our antigen microarrays, purifi ed capture antigen/antibody are 
immobilized at spatially defi ned locations. Typically, these reagents 
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are arranged as arrays of microspots on fl at substrates where the 
biochemical reaction binding is performed. This chapter focuses 
on a recent research in our group to demonstrate the immunoassay 
used for multiplex detection of mycotoxins in spiked peanut sam-
ples using the antigen microarray [ 3 ]. 

 The antigen microarray, which is a renowned tool for multi-
plexed immunoassay, has attracted great interest in recent years. 
Since mycotoxins are small molecules with molecular weights less 
than 1000, direct binding of mycotoxins in a sandwich immunoas-
say format is not feasible. Therefore, their detections mainly rely 
on a competitive format rather than a direct one. In the competi-
tive immunoassay, the target antigen competes with the analog 
antigen attached on a substrate for binding with the antibody, and 
the target is quantifi ed by a signal that is related to the amount of 
antibody remained bound on the substrate-attached analog anti-
gen. This leads to the detected antibody signal being inversely pro-
portional to the target concentration. Unfortunately, the 
requirement of competitive assay intrinsically causes great diffi cul-
ties to fabricate an antigen microarray to achieve highly sensitive 
immunoassays. The performance of the microarray will demand 
the signifi cant improvements (e.g., more effective probe immobili-
zation) to enhance sensitivity. An antigen microarray based on the 
commercial agarose-modifi ed substrate has been developed to 
simultaneously detect multiple mycotoxins, but only a detection 
limit of tens pg/mL to several ng/mL mycotoxins is achieved [ 4 ]. 
A displacement-based microarray has also been used to detect a 
mycotoxin called patulin, but only a detection limit of 10 ng/mL 
is realized [ 5 ]. 

 In order to achieve high sensitivity and broad detection range 
to analyze small target toxins in high throughput, an antigen 
microarray should possess high probe loading capacity, as well as 
low spot-to-spot signal variation and low nonspecifi c protein 
absorption in order to achieve a high signal-to-noise ratio. At the 
same time, monoclonal antibodies with high affi nity and excellent 
specifi city for mycotoxins, which are also very critical in their mul-
tiplexed microarray detection, were developed with the hybridoma 
technology. It has been discovered by our research that the poly-
mer brush, POEGMA- co -GMA, possesses a porous structure with 
many bundles separated by gaps, which are formed by aggregation 
of the polymer chains during drying [ 6 ]. The spotted protein solu-
tion can penetrate into the gaps of the brush in a dry environment 
by capillary action, which will result in high protein loading for 
high sensitivity. In addition, the dense PEG side chains are able to 
block nonspecifi c protein adsorption. This will create a non- fouling 
surface to reduce the background in the immunoassay detection to 
achieve a detection limit of 3–4 pg/mL.  

Zhaowei Zhang et al.
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2    Materials 

 All chemicals were of analytical reagent grade, unless noted 
otherwise. 

       1.    Deionized (DI) water from a Millipore Milli-Q system.   
   2.     Mycotoxins  , including afl atoxin B1 (AFB1), ochratoxin A 

(OTA), and zearalenone (ZEN), from Sigma-Aldrich.   
   3.     Mycotoxin   conjugated with (bovine serum albumin) BSA to 

increase antigenicity: AFB1-BSA conjugate and OTA-BSA 
conjugate were obtained from Sigma-Aldrich; ZEN-BSA con-
jugate came from Aokin (Germany).   

   4.    Cy3-labeled goat anti-mouse IgG from Invitrogen.      

       1.    Balb/c female mice (8–10 weeks old).   
   2.    Freund’s complete adjuvant (FCA), and Freund’s incomplete 

adjuvant (FIA) which lacks the mycobacterial components.   
   3.    SP 2/0 murine myeloma cells (from China Center for Type 

Culture Collection).   
   4.    RPMI-1640 media.   
   5.    Fetal bovine serum (FBS).   
   6.    Polyethylene glycol (PEG) 1500.   
   7.    Feeding cells from peritoneal macrophages and spleen cells 

using untreated Balb/c mouse.   
   8.    Hypoxanthine/aminopterin/thymidine (HAT).      

       1.    0.1 M potassium hydroxide (KOH) solution.   
   2.    Ethanol, methanol.   
   3.    (3-aminopropyl)triethoxysilane (APTES).   
   4.    Tetrahydrofuran (THF).   
   5.    α-bromoisobutyryl bromide (BIB, 64 μL per 10 mL).   
   6.    Triethylamine (TEA, 77 μL per 10 mL).   
   7.    Oligo(ethylene glycol) methacrylate (OEGMA, MW = 360).   
   8.    Glycidyl methacrylate (GMA).   
   9.    Copper (I) bromide (CuBr).   
   10.    2,2′-bipyridine (BiPY).      

       1.    Centrifuge.   
   2.    Standard glass slides.   
   3.    Ultrasonic bath.   
   4.    VersArray Chipwriter™ Compact System (Bio-Rad).   

2.1  Reagents

2.2  Immunization 
of Mice

2.3  Slide Preparation

2.4  Equipment

Competitive Immunoassays Using Antigen Microarrays
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   5.    Stealth microspotting pins (SMP3).   
   6.    Proscanarray microarray scanner (PerkinElmer, USA).   
   7.    ProScanArrays Analysis software.   
   8.    HPLC. Conditions: The HPLC separation was conducted with 

a Thermo Scientifi c C 18  column (Hypersil Gold, 100 mm × 2.1 
mm, 3.0 μm) at 35 °C. Elution A consisted of water with 0.05 
% formic acid while elution B was acetonitrile with 0.05 % for-
mic acid. A linear gradient elution program was as follows: 0–10 
min, 15–100 % B; 11–13 min, 100 % B; 14–15 min, 100–15 % 
B; 16–18 min, 15 % B. The elution fl ow rate was set at 250 μL/
min and 10 μL sample solution was injected into HPLC.       

3    Methods 

   Antigens (AFB1-BSA, OTA-BSA and ZEN-BSA) were multiple- 
site subcutaneously injected into Balb/c mouse separately and four 
immunizations were carried out to select the hybridomas.

    1.    Immunize two BALB/c female mice with AFB1-BSA conju-
gate Intraperitoneally inject the fi rst dose of 50 μg of conju-
gate as an emulsion of PBS and Freund’s complete adjuvant 
(FCA). Repeat this procedure with OTA-BSA on two mice, 
and ZEN-BSA on another two mice.   

   2.    Perform two subsequent injections on the six mice at 3-week 
intervals using the conjugate emulsion in Freund’s incomplete 
adjuvant (FIA) which lacks the mycobacterial components. 
One week after the last injection, tail-bleed the mice. Collect 
the sera and test them for anti-hapten antibody titer by indi-
rect ELISA [ 7 ]. Test the sera for analyte recognition proper-
ties by competitive indirect ELISA [ 7 ].   

   3.    After the mice undergo the resting period of at least 3 weeks 
from the last injection in adjuvants, select the mice to be spleen 
donors to receive a fi nal soluble intraperitoneal injection of 80 
μg of conjugate in PBS, 3 days prior to cell fusion for hybrid-
oma production.   

   4.    Culture SP 2/0 murine myeloma cells in RPMI-1640 media 
supplemented with 20 % FBS. Cell fusion was carried out in 
the following  steps 5 – 7  as described in ref. [ 7 ].   

   5.    Mix mice splenocytes (contains antibody-secreting plasma 
cells) with the myeloma cells in a centrifuge tube (50 mL) at 
the ratio of 5–10 to 1. Centrifuge at 1000 ×  g  for 5 min.   

   6.    Add 1 mL of PEG 1500 at 37 °C to the cell pellet over 1 min. 
to initiate cell fusion.   

3.1  Production 
of  Monoclonal 
Antibodies  
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   7.    Add 30 mL of RPMI-1640 (with no FBS) over 5 min. Leave 
the cells aside for 5–10 min at 37 °C.   

   8.    Spin down the fused cells and remove the RPMI-1640 media.   
   9.    After that, resuspend the cells with 20 ml of RPMI-1640 sup-

plemented with 20 % FBS, and culture the cells overnight.   
   10.    Count the cells and put an average amount of 10 7  into a selec-

tive hemi-solid media containing HAT and feeding cells, and 
culture for over 2 weeks.   

   11.    After seeing by naked eyes the many white cell colonies which 
contain monoclonal hybridomas, remove the hybridomas and 
put them onto the wells of a 96-well culture plate.   

   12.    In the hybridoma selection process, use a two-step ELISA 
screening procedure [ 7 ] to select hybridomas with high sensi-
tivity (IC 50  value of AFB, OTA, ZEN, respectively) and good 
specifi city.   

   13.    Intraperitoneally inject the hybridoma cells into the Balb/c 
mice treated Freund's incomplete adjuvants (FIA) to prepare 
ascites, which were used to produce monoclonal antibodies.      

        1.    Clean standard glass slides ultrasonically in KOH solution (0.1 
M), DI water, and ethanol for 10 min, successively.   

   2.    Dry the slides with compressed air. Incubate them in 5 % (v/v) 
(3-aminopropyl)triethoxysilane (APTES) solution in ethanol 
for 2 h at room temperature. Then, rinse the slides with 
ethanol.   

   3.    Subject the APTES-modifi ed slides to thermal curing at 110 
°C in a vacuum oven for 2 h. Then, incubate the slides with an 
ice- cold tetrahydrofuran (THF) solution containing the initia-
tor α-bromoisobutyryl bromide (BIB) and triethylamine 
(TEA), for 2 h to attach the initiator. Wash the slides thor-
oughly with THF.   

   4.    To grow the POEGMA- co -GMA polymer brush, immerse the 
initiator-attached slides in the deoxygenized methanol/H 2 O 
(1:1) growth solution, which contains 20 % v/v oligo(ethylene 
glycol) methacrylate (OEGMA), 0.5 % v/v glycidyl methacry-
late (GMA), 2.9 mg/mL of CuBr and 6.25 mg/mL of 
2,2′-bipyridine (BiPY).   

   5.    Allow the polymerization to continue for 6 h in an inert atmo-
sphere at room temperature. Then, remove the slides from the 
growth solution.   

   6.    Wash the slides intensively with ethanol and DI water. Then, 
dry them by gentle nitrogen fl ow and store them at 4 °C until 
use.      

3.2  Preparation 
of Slides Modifi ed 
with the POEGMA- co -
GMA  Polymer Brush  
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        1.    Spot three mycotoxin antigens (AFB1-BSA, OTA-BSA and 
ZEN-BSA) on the slides modifi ed with the POEGMA- co -
GMA polymer brush to form three 4 × 4 subarrays using a 
VersArray Chipwriter™ Compact System equipped with stealth 
microspotting pins (SMP3).   

   2.    Print a 4 × 4 BSA subarray as a negative control on the slides.   
   3.    Store the spotted slides in a dry cabinet at room temperature 

for overnight incubation. Then, wash the slides with 0.01 M of 
PBS to remove any unattached antigens.   

   4.    Dry the slides under a gentle nitrogen gas fl ow and the slides 
were ready for use.   

   5.    A batch of such slides was prepared with the same manner 
(please  see  Subheading  3.2  and  3.3 ) for evaluation of reproduc-
ibility and reliability.      

   The detection of mycotoxins is based on an indirect c competitive 
immunoassay format as shown in Fig.  1 . The baseline signal is 
obtained from the antigen microarray when only monoclonal anti-
body, but no target antigens, is added to the microarray.

     1.    Incubate the microarray slide separately in three solutions con-
taining only an individual antibody at a high concentration (1 
μg/mL).   

   2.    Add a fl uorescent secondary antibody (Cy3-labeled anti-mouse 
IgG) at 10 μg/mL to bind with the bound monoclonal anti-
bodies, and incubate in the dark for 40 min. Measure the fl uo-
rescent images of the slide with 543 nm excitation using a 
microarray scanner and analyze the data with the ProScanArrays 
Analysis software.   

   3.    Optimize the concentrations of three antigens for antigen 
printing by varying the antigen concentration to be 200 μg/
mL ( see   Note 1 ).   

   4.    To optimize the concentrations of three monoclonal antibod-
ies for competitive immunoassay, print the microarray slides 
with antigens of the optimal concentration of 200 μg/
mL. Incubate the slides separately in three solutions contain-
ing only an individual antibody (concentration varies from 20 
to 180 ng/mL for anti-AFB1 and anti-OTA, and from 120 to 
280 ng/mL for anti-ZEN antibody) for 1 h in humidity box at 
room temperature ( see   Note 2 ). The results are depicted in 
Fig.  2 .

       5.    Briefl y wash the slides with PBS for 5 min, incubate the slides 
further in a Cy3-labeled goat anti-mouse IgG solution (10 μg/
mL) in the dark for 40 min.   

   6.    Wash the microarray slides with PBS and DI water, successively 
for three times. Finally, dry the slides at 37 °C and measure the 

3.3  Printing 
of  Antigen Microarray  s

3.4  Detection 
of Slide  Baseline 
Signal   Without Added 
Antigens
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fl uorescence images in order to determine the optimal anti-
body concentration. The optimal concentrations for the mono-
clonal antibodies are determined to be 100, 100, and 200 ng/
mL for anti-AFB1, anti-OTA, and anti-ZEN, respectively.    

  Fig. 1    Schematic illustration of indirect competitive immunoassay on the slide modifi ed with the POEGMA-co - 
GMA brush. For simplicity, only one type of mycotoxins is drawn       
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  Fig. 2    Fluorescent intensities vs. monoclonal antibody concentrations. The antigen microarray was fi rstly incu-
bated with monoclonal antibody of different concentration, followed by incubation with 10 μg/mL Cy3-labeled 
anti-mouse IgG. ( a ) anti-AFB1; ( b ) anti-OTA; ( c ) anti-ZEN. Error bars are standard deviations ( n  = 3) a.u. repre-
sents arbitrary units       
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     For detection of the target mycotoxin, it will be mixed with the 
monoclonal antibody and added to the antigen microarray. The 
target antigen will compete with the corresponding antigen on the 
microarray to bind with its antibody (Fig.  1 ). This will result in a 
weaker fl uorescence signal as compared with that obtained in the 
absence of mycotoxin for quantitative detection.

    1.    For multiplexed detections of mycotoxins, add a 100 μL solu-
tion containing all three monoclonal antibodies and premixed 
mycotoxins onto the microarray covering the whole surface, 
and incubate for 1 h. The optimized concentrations of the 
antibodies are 100, 100, and 200 ng/mL for anti-AFB1, anti-
OTA, and anti-ZEN, respectively, and the concentration 
ranges for mycotoxins are 0.001–10 ng/mL.   

   2.    Briefl y wash the slide with PBS. Then incubate it with a Cy3- 
labeled goat anti-mouse IgG solution (10 μg/mL) for 40 min.   

   3.    Wash the slide with PBS and DI water. Then, scan the slide, 
and record the fl uorescence image ( see   Note 3 ). Perform image 
analysis and the results are plotted in Fig.  3 . The dynamic 
ranges span for three orders of magnitude and the limits of 
detection (LOD) are as low as 4, 4, and 3 pg/mL of AFB1, 
OTA, and ZEN, respectively, as indicated by the circles in Fig. 
 3  ( see   Note 4 ). The linear range for detection of each antigen 
is also shown in Fig.  3  ( see   Note 5 ).

       4.    Finely ground a peanut sample (20 g). Perform an HPLC anal-
ysis to confi rm the sample contains no mycotoxins.   

   5.    Place 5 g of ground peanut sample in a centrifuge tube (50 
mL). To mimic real peanut samples for mycotoxin detection, 
spike all three mycotoxins with certain amounts to the tube.   

   6.    Add 15 mL of methanol-water (80:20, v/v, 4 % NaCl) to the 
tube and ultrasonicate it for 10 min to extract the mycotoxins 
from the spiked peanut sample.   

   7.    After settling for 5 min, remove the supernatant. Dilute 0.2 
mL of supernatant with 1.8 mL of PBS.   

   8.    Mix the diluted solution with the three monoclonal antibod-
ies, and detect the mycotoxins with the antigen microarray 
using the same procedure described above ( steps 1 – 3 ).    

4       Notes 

     1.    The fl uorescent intensities of the microarray spots increase with 
the printing antigen concentration until reaching the plateau at 
200, 200, and 175 μg/mL for AFB1-BSA, OTA-BSA and 

3.5  Detection 
of  Mycotoxins  
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ZEN-BSA, respectively. Therefore 200 μg/mL is chosen as an 
optimal concentration for subsequent antigen printing.   

   2.    In order to achieve low detection limit and wide dynamic 
range in competitive immunoassay, it is very critical to select 
the optimal concentrations of the monoclonal antibodies. As 
shown in Fig.  2 , the fl uorescent intensity increases with 
increasing antibody concentration. At a certain concentration 
range (80–100 ng/mL for anti-AFB1 and anti-OTA, and 
180–200 ng/mL for anti-ZEN), the signal exhibits the steep-
est slope of change, suggesting the highest sensitivity in the 
competitive immunoassay. Therefore the optimal concentra-
tions for the monoclonal antibodies are determined to be 100, 
100, and 200 ng/mL for antibodies of AFB1, OTA, and ZEN, 
respectively.   

   3.    Multiplexed immunoassays were carried out in a solution 
containing mycotoxins and their monoclonal antibodies with 
the optimal concentrations. The representative fl uorescent 
images are shown in Fig.  4 . By quantitative analysis of the 
images, the fl uorescent intensities are obtained, and they are 
plotted against mycotoxin concentrations for three mycotox-
ins (Fig.  3 ).

       4.    The LOD are determined as the values higher than threefold 
standard deviation of their corresponding negative control 
(NC) according to the Mb + 3 × Sd defi nition, where Mb and Sd 
are the mean value and standard deviation of NC, respectively 
( n  = 3).   

   5.    The linear range of response vs. logarithm of concentration for 
detection of each antigen is also plotted in Fig.  3 , which is fur-
ther fi tted to the equation of  y  =  a  −  b  × log( x ).         
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  Fig. 3    Fluorescent intensity versus concentration curves for multiplex detection of mycotoxins: AFB1 ( a ), OTA 
( b ), and ZEN ( c ). Error bars are standard deviations ( n  = 3). NC is negative control. a.u. represents arbitrary 
units       
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Chapter 18

Parallel Syntheses of Peptides on Teflon-Patterned Paper 
Arrays (SyntArrays)

Frédérique Deiss, Yang Yang, and Ratmir Derda

Abstract

Screening of peptides to find the ligands that bind to specific targets is an important step in drug discovery. 
These high-throughput screens require large number of structural variants of peptides to be synthesized and 
tested. This chapter describes the generation of arrays of peptides on Teflon-patterned sheets of paper. First, 
the protocol describes the patterning of paper with a Teflon solution to produce arrays with solvophobic bar-
riers that are able to confine organic solvents. Next, we describe the parallel syntheses of 96 peptides on 
Teflon-patterned arrays using the SPOT synthesis method.

Key words Peptides, Paper array, Paper patterning, SPOT synthesis, Ligand screening

1 Introduction

Peptide-based therapeutics constitutes a significant fraction of new 
chemical entities and FDA-approved drugs. Discovery and optimi-
zation of peptide ligands that bind to specific targets require 
testing of a large number of structural variants of the peptides. 
Library-based methods, such as one-bead-one-compound combi-
natorial libraries (OBOC) [1] and genetically encoded libraries of 
peptides and peptides derivatives that are displayed on phage [2, 3], 
cells [4], or RNA [5], are useful for identification of “hit” peptide 
sequences from million to billion variants of peptide sequences. On 
the other hand, the process of hit-to-lead validation requires indi-
vidual testing of the hit sequences. In this process, the array of 
peptide-derived ligands is a uniquely convenient tool because it 
allows parallel synthesis, characterization and testing of relatively 
large number of hits in uniform conditions. The array can be created 
by grafting pre-synthesized peptides onto a support at controlled 
locations [6, 7], or by stepwise assembling the peptides from amino 
acids directly an a planar support. To accelerate the latter method, 
Frank and coworkers [8] pioneered the synthesis of peptides as 
spots on cellulosic membranes (or paper). This solid- phase peptide 
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synthesis method, dubbed as “SPOT synthesis,” was widely 
adopted in academic and industrial laboratories. It led to the devel-
opment of commercially available technologies for synthesis of 
these arrays and to the establishment of service companies provid-
ing SPOT arrays on demand. The paper support was shown to be 
compatible with other classes of combinatorial synthesis to gener-
ate small-molecule arrays [9].

Unlike most syntheses on solid supports, which are conducted 
in stirred or flow-through reactors, in SPOT synthesis, the reagents 
are deposited onto the porous support to form “spots” of desired 
sizes. In these conditions, the reactions occur in a static, non- stirred 
volume of solvent in which the mixing of reagents is slow because it 
is limited to diffusion only. Moreover, it is problematic to deposit 
an excess of reagents to drive the reaction to completion, and evap-
oration of the limited amount of solvent during synthesis can pose 
a significant problem. To overcome these problems, we developed 
a method [10] to pattern paper with a solution that consists of a 
resin of amorphous fluoropolymer (e.g., Teflon solution from 
DuPont). Patterned Teflon-barriers resist solvent penetration and 
confine a broad range of organic solvents used in organic syntheses 
within the barriers. An excess of solvents, when deposited on the 
solvophilic zones of this Teflon-bound porous support, flows 
through the support and allows for performing synthesis in a flow-
through fashion. The pattern of the porous support that consists of 
96 squares (Fig. 1a) follows the exact foot print of a commercial 
96-well plate, and this makes the Teflon-patterned array compatible 
with the use of standard plate-to- plate transfer robotics and plate 
readers for liquid handling and analysis.

In this chapter, we first describe the steps for patterning the 
paper support with solvophobic barriers to generate Teflon- 
patterned arrays with 96 solvophilic zones for the peptide synthesis 
(Fig. 2). We then provide the details of the method for synthesiz-
ing the peptides on paper, which is an adaptation of the protocol 
published by Hilpert et al. [11]. We describe both the “manual” 
way, accessible with common equipment found in a chemical/biol-
ogy laboratory, as well as a “semi-automated” method using a 
commercially available liquid handling workstation.

2 Materials

 1. Teflon solution: 20 % Teflon® AF amorphous fluoropolymer 
resin (DuPont 400S2-100-1) in solution in methoxyperfluo-
robutane (Novec HFE-7100 Engineered fluid) (see Note 1).

 2. Sucrose solution (~2.5 mL per array): 1 g/mL of sucrose (or 
table sugar) in Milli-Q water.

 3. Amino acid stock solutions: Determine the need for each 
9-fluorenylmethyloxycarbonyl-conjugated amino acid (or 

2.1 Reagents
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Fmoc(amino acid)-OH) for the peptide synthesis using 
Tables 1, 2, 3 and 4 described in the Subheading 3.3. Prepare 
a stock solution of each in 0.75 M in N-methyl-2- pyrrolidone 
(NMP). Store the stock solutions in amber glass vials at −20 °C 
for up to a week (see Note 2).

 4. HOAt stock solution: 1-hydroxy-7-azabenzotriazole (HOAt) 
at 2.25 M in NMP as indicated in Table 3.

 5. DIC stock solution: N,N′-diisopropylcarbodiimide (DIC) at 
1.68 M in NMP as indicated in Table 3. The coupling reagent 
DIC may be substituted by another one, such as dicyclohexyl-
carbodiimide (DCC).

 6. First β-Ala functionalization solution (used for four arrays, 
see Note 3): dissolve 576 mg Fmoc-β-Ala-OH in 9 mL of 
dimethylformamide (DMF), add 270 μL of 1-methylimidazole 
and 337.5 μL DIC.

Fig. 1 (a) 96-square template for Teflon-patterned array. (b) Holder to clamp the 
paper for convenient handling. (c) Alternative holder for the paper made from 
bulldog clips

Peptide Paper Arrays
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Example of an array with eight different peptides, where each row has 12 replicates of the same peptide

Table 1
Identification of the amino acids to be added at each cycle

A B C D E F G H I J K L M N O P Q R

1 Position Write peptide 
sequences in this 

column

Cycle #

2 Row Col 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

3 1 1-12 TVKHRPDALHPQ Q P H L A D P R H K V T

4 2 1-12 LTTAPKLPKVTR R T V K P L K P A T T L

5 3 1-12 GKKQRFRHRNRK K R N R H R F R Q K K G

6 4 1-12 FHRRIKAGRGDS S D G R G A K I R R H F

7 5 1-12 PQVTRGDVFTMP P M T F V D G R T V Q P

8 6 1-12 LTGKNFPMFHRN N R H F M P F N K G T L

9 7 1-12 MHRMPSFLPTTL L T T P L F S P M R H M

10 8 1-12 GWQPPARARIG G I R A R A P P Q W G

11

Number of occurrences of each amino acid for each cycle. This example describes the first two cycles for the synthesis 
of the eight peptides from Table 1

Table 2
Maps of the 96-zone array at each coupling cycle (left)

A B C D E F G H I J K L M N O P Q R S T U V W X Y Z

1 1 1 1 1 1 1 1 1 1 1 1 1 1 Amino acids count per cycle:

2 1 Q Q Q Q Q Q Q Q Q Q Q Q

3 2 R R R R R R R R R R R R G P A V L I M C F Y

4 3 K K K K K K K K K K K K 12 12 0 0 12 0 0 0 0 0

5 4 S S S S S S S S S S S S

6 5 P P P P P P P P P P P P W H K R Q N E D S T

7 6 N N N N N N N N N N N N 0 0 12 12 12 12 0 0 12 0

8 7 L L L L L L L L L L L L

9 8 G G G G G G G G G G G G

10

11 2 1 1 1 1 1 1 1 1 1 1 1 1

12 1 P P P P P P P P P P P P

13 2 T T T T T T T T T T T T G P A V L I M C F Y

14 3 R R R R R R R R R R R R 0 12 0 0 0 12 12 0 0 0

15 4 D D D D D D D D D D D D

16 5 M M M M M M M M M M M M W H K R Q N E D S T

17 6 R R R R R R R R R R R R 0 0 0 24 0 0 0 12 0 24

18 7 T T T T T T T T T T T T

19 8 I I I I I I I I I I I I

20
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 7. Second β-Ala activated solution (used for four arrays, see Note 3): 
Dissolve 1261 mg of Fmoc-β-Ala-OH in 5.4 mL of NMP (or 
use the 0.75 M stock solution). Fifteen minutes before spot-
ting, add 1.8 mL of HOAt solution (551 mg in 1.8 mL NMP 
or the 2.25 M stock solution) and 1.8 mL of DIC solution 
(475 μL of DIC plus 1325 μL NMP or the 1.68 M stock solu-
tion). Mix and let react for ~10 min.

 8. Capping A solution: 2 % (v/v) of acetic anhydride in DMF 
(typical volume prepared: 100 mL).

 9. Capping B solution (protect from light): 2 % (v/v) of acetic 
anhydride + 2 % (v/v) of N,N-diisopropylethylamine (DIPEA) 
in DMF (typical volume prepared: 50 mL).

 10. 20 % Piperidine solution: 20 % piperidine in DMF (typical 
volume prepared: 200 mL).

A B C D E F G H I J K L M N O P Q R S T U V W X Y Z AA AB

1

C
yc

le
s start last Volume per 

spot in µL: 15 Number of 
coupling: 1

2 1 7 Number array 4 Dead volume 
in µL: 50

3

4
Amino 
acids

MW Vtotal maa HOAT HOAT 
sol DIC +NMP

DIC  
in 

NMP

+ 
NMP 
(for 
aa)

Cycle #

5 Tot. g/mol µL mg mg µL of 
NMP uL µL of 

NMP
µL 

total µL aa 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1

6 48 A 311.3 4800 672 294 960 254 706 960 2880 A 0 0 0 0 0 0 0 0 9 9 9 0 9 12 0

7 0 C 585.7 0 0 0 0 0 0 0 0 C 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

8 9 D 411.5 900 167 55 180 48 132 180 540 D 0 0 0 0 0 0 0 0 0 3 0 6 0 0 0

9 3 E 425.5 300 57 18 60 16 44 60 180 E 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0

10 18 F 387.4 1800 314 110 360 95 265 360 1080 F 0 0 0 0 0 0 0 0 0 3 0 3 6 3 3

11 27 G 297.3 2700 361 165 540 143 397 540 1620 G 0 0 0 0 0 0 0 0 0 6 3 6 6 3 3

12 51 H 619.7 5100 1422 312 1020 270 750 1020 3060 H 0 0 0 0 0 0 0 0 6 12 12 6 3 3 9

13 18 I 353.4 1800 286 110 360 95 265 360 1080 I 0 0 0 0 0 0 0 0 0 0 3 6 3 6 0

14 21 K 468.5 2100 443 129 420 111 309 420 1260 K 0 0 0 0 0 0 0 0 0 3 3 3 6 3 3

15 72 L 353.4 7200 1145 441 1440 380 1060 1440 4320 L 0 0 0 0 0 0 0 0 0 12 6 15 6 6 27

16 18 M 371.5 1800 301 110 360 95 265 360 1080 M 0 0 0 0 0 0 0 0 12 0 3 3 0 0 0

17 18 N 596.7 1800 483 110 360 95 265 360 1080 N 0 0 0 0 0 0 0 0 0 6 0 3 0 9 0

18 72 P 337.4 7200 1093 441 1440 380 1060 1440 4320 P 0 0 0 0 0 0 0 0 0 15 18 6 6 12 15

19 54 Q 610.7 5400 1484 331 1080 285 795 1080 3240 Q 0 0 0 0 0 0 0 0 15 3 3 6 9 12 6

20 33 R 648.8 3300 963 202 660 174 486 660 1980 R 0 0 0 0 0 0 0 0 0 0 6 0 12 6 9

21 78 S 383.4 7800 1346 478 1560 412 1148 1560 4680 S 0 0 0 0 0 0 0 0 27 6 9 15 0 15 6

22 75 T 397.5 7500 1342 459 1500 396 1104 1500 4500 T 0 0 0 0 0 0 0 0 12 9 15 15 15 0 9

23 15 V 339.4 1500 229 92 300 79 221 300 900 V 0 0 0 0 0 0 0 0 6 0 0 0 9 0 0

24 12 W 526.6 1200 284 73 240 63 177 240 720 W 0 0 0 0 0 0 0 0 0 3 3 0 3 3 0

25 30 Y 459.5 3000 620 184 600 159 441 600 1800 Y 0 0 0 0 0 0 0 0 9 3 3 3 3 3 6

26 672 TOTAL 10844 4116 13440 3551 9889 13440 40320 Tot. 0 0 0 0 0 0 0 0 96 96 96 96 96 96 96

27 MW 
g/mol 136.1 MW/d 

mL/mol 156.6

28 Suggested stock of HOAT and DIC 
solutions  to prepare in NMP: 4939 16128 4261 11867 16128

Table 3
Calculation of the quantities of reagents for the coupling of the amino acids

This example corresponds to four arrays of 32 peptides shown in Figure 5a and 5c

Peptide Paper Arrays
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Table 4
Maps of the master plates prepared for the coupling of the amino acids 
for each cycle

A B C D E F G H I J K L M N O

1 Which 
cycles?

start last Add 180 µL /well of stock solution of amino acid

2 1 7 in each well of the DWP following map(s) below

3
4 Cycle 1 Cycle 2
5 1 2 3 4 5 6 7 8 9 10 11 12

6 Deep well a P Q Y P Q L F Q

H
O

A
t sol.

D
IC

 sol.

1

7 plate #1 b L H R P L R S P 2

8 c T L L T K S N Q 3

9 d T L Q L I A N P 4

10 e S L G F S W Q A 530 530 5

11 f L L P S R I A P µL/w
ell

µL/w
ell

6

12 g H L H R S N H A 7

13 h R P Y K Y S P G 8
[..] [..]
37 Cycle 7 Cycle 0
38 1 2 3 4 5 6 7 8 9 10 11 12

39 Deep well a S M M S 0 0 0 0 

H
O

A
t sol.

D
IC

 sol.

1

40 plate #4 b T A Q S 0 0 0 0 2

41 c V H S S 0 0 0 0 3

42 d Y Q A T 0 0 0 0 4

43 e Y T T H 0 0 0 0 290 290 5

44 f S A S M 0 0 0 0 µL/w
ell

µL/w
ell

6

45 g Y S S Q 0 0 0 0 7

46 h Q V M Q 0 0 0 0 8

47

 11. Cleavage A solution: Mix 90 % (v/v) trifluoroacetic acid 
(TFA), 3 % (v/v) triisopropylsilane (TIPS), 2 % (v/v) Milli-Q 
water, 1 % (w/v) of phenol, and 4 % (v/v) dichloromethane 
(DCM) (see Note 4). The typical volume is 60 mL for four 
arrays. WARNING: TFA and phenol are corrosive and toxic, 
so they should be handled with care.

 12. Cleavage B solution: Mix 50 % (v/v) TFA, 3 % (v/v) TIPS, 2 % 
(v/v) Milli-Q water, 1 % (w/v) of phenol, 44 % (v/v) DCM 
(see Note 4). The typical volume is 60 mL for four arrays. 
WARNING: TFA and phenol are corrosive and toxic, so they 
should be handled with care.
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 13. Bromophenol blue staining solution (optional): 0.003 % (w/v) of 
bromophenol blue in methanol. Protect the solution from light.

 1. Paper: the protocol and quantities are described for Whatman 
filter paper grade 50, but other cellulosic substrate can be used, 
although the spotting volume might need some adjustments.

 2. Solid ink printer (e.g., Xerox ColorQube 8570 series).
 3. Multichannel pipettors or fluid handling workstation (e.g., 

BioTek Precision XS).
 4. Frame holder to clamp the paper (Fig. 1b) or any reliable in- 

house made system to maintain the paper above the surface 
during deposition (e.g., clamps; Fig. 1c). Special holders are 
also available from SyntArray at www.syntarray.com.

 5. Common vials, glass bottles, reagent vessels, pipette tips, pipet-
tors used for preparation of the solutions and distribution of 
reagents and solvents.

 6. A vacuum pump or aspirator to aspirate excess reagents from 
the paper after reaction (Fig. 3).

 7. Small plastic bags to store the arrays (e.g., freezer bags, plastic 
bags).

3 Method

 1. Cut the paper into several 6″ × 11″ bands.
 2. Open a drawing file (see Note 5) with the desired pattern (e.g., 

96-square, Fig. 1a; three arrays can fit on one band of paper). 
Print the pattern (without any scaling) on the paper using a 
solid ink printer.

 3. After printing the solid-ink pattern on the paper, place it in the 
oven at 120 °C for 5 min. This step yields a wax-patterned 
paper array [12] that has areas resistant to aqueous solutions 
(Fig. 2a) (see Note 6).

 4. Cut the paper along the red-colored frame (Fig. 1a). If you 
have a frame holder (Fig. 1b), place the paper in it. Alternatively, 
cut the printed paper array to the required dimensions and 
clamp it between two magnetic bulldog clips (Fig. 1c).

 5. Distribute 25 μL of the sucrose solution per zone using a mul-
tichannel pipette (the sucrose solution protects the non-waxed 
zones from impregnation with Teflon during the next step). 
Control the success of the deposition by ensuring the presence 
of the hemispherical drop on each zone (Fig. 2b).

 6. Distribute 3 × 800 μL of the diluted Teflon solution with a 
P1000 pipettor over the array (Fig. 2c). Ensure that the Teflon 

2.2 Apparatus/
Instruments

3.1 Patterning 
of Paper to Generate 
Solvent- Resistant 
Arrays
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solution covers the entire array; all the areas around the zones 
with the drop of sugar on the paper should appear uniformly 
translucent. Pay special attention to the area of the paper along 
the holder because this is where the deposition of Teflon com-
monly fails (see Note 7).

 7. Evaporate the solvent to allow for the formation of a Teflon 
film on the paper. The best method is air-drying the paper at 
room temperature for ~1 h. When working with more than 
one array, each one should have 2 in. of space above and below 
it for proper air circulation (see Note 8).

 8. Once the solvent evaporated, the areas of paper patterned with 
Teflon have a bright white reflective appearance. At this point, 
remove the top part of the frame holder to dry the borders of 
paper that were blocked by the holder. Drying is complete 
when the marks of the borders are invisible. If necessary, the 
arrays can be left to dry overnight.

 9. Immerse the arrays in cold water for 15–20 min. Change the 
water twice to completely remove the protective sucrose solu-
tion (Fig. 2d) (see Note 9).

 10. Check the Teflon patterning for any defects: when the paper is 
wet, any defect should have a translucent appearance, instead 
of the bright white reflective appearance indicative of the 
Teflon- impregnated areas (see Note 10).

 11. Air-dry the arrays or use a heat gun to accelerate the drying.
 12. The arrays can be stored in sealed bags at room temperature 

for several months before use.

side
view

sucrose
in H2O

spotter
spotter

Teflon AF
in HFE

dry and rinse
sucrose away

3D
view

wax-printed outline Teflon-patterned

a

b c d

Fig. 2 Step-by-step description of the Teflon-patterning process. (a) Wax-patterning of the paper, (b) spotting 
of the sucrose protective solution, (c) distribution of the Teflon solution made in HFE and (d) rinsing of the array 
after evaporation of the solvent (Reproduced from ref. [10] with permission from Wiley)
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The procedure is described for working with four arrays, since 
we recommend functionalizing by batches of at least four arrays. 
If more arrays (or less) are required, scale the reagents accordingly.

 1. Mark the top right corners of the Teflon-patterned arrays using 
a pencil to assist in remembering the orientation of the arrays 
throughout the synthesis.

 2. Place the arrays in a holder using a forceps handling only the 
edge of the array. Make sure that the array is centered properly 
in the holder and that there is equal empty space on all four 
sides of the array.

 3. Prepare the first β-Ala functionalization solution by dissolving 
the pre-weighed Fmoc-β-Ala-OH in DMF. Immediately before 
spotting, add 1-methylimidazole to the mixture, and mix by 
vortexing. Add N,N′-diisopropylcarbodiimide (DIC) and mix 
by vortexing again.

 4. Spot 15 μL of this functionalization solution on each zone on 
the paper array. Reaction will occur between Fmoc-β-Ala-OH 
and the cellulose structure of the paper (Fig. 4, reaction a).

 5. Stack up to 4 arrays on top of one another in the fume hood. 
Cover the arrays to prevent evaporation and allow the reaction 
to proceed in the dark for 3 h.

 6. Once the reaction is completed, place each array on top of a 
96-nozzle vacuum apparatus (Fig. 3) and aspirate the reaction 
solution through each of the 96 zones on the paper using vac-
uum suction.

 7. To wash the zones, use a multichannel pipette to spot on each 
zone 15 μL of DMF from a vessel reagent or “boat” previously 
filled with 50 mL of DMF.

 8. Aspirate the wash solution through the paper, as previously 
described in step 6.

 9. Repeat steps 7–8 for a total of four washes.

3.2 Functionalization 
of the Paper Array 
with a βAla-
βAla Linker

Fig. 3 96-nozzle vacuum apparatus that allows simultaneous aspiration of reagents through the paper array 
from the 96 zones. It was custom-made to fit the dimensions of the SyntArray paper holder (Reproduced from 
ref. [10] with permission from Wiley)
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PP (possible Pause Point): The synthesis can be interrupted 
between some steps of synthesis. When this happens, we 
denote it by PP (see Note 11).

 10. To deprotect the N-terminus of the β-alanine bound to the 
paper, spot 15 μL of solution of piperidine (a mild base) on 
each zone. For convenience, the piperidine solution as first put 
in a boat (1.5 mL per array, plus the adequate excess for the 
dead volume of the boat, for example 3 mL).

 11. Let the deprotection reaction (Fig. 4, reaction b) proceed for 
5 min.

 12. Aspirate the solution, as previously described in step 6.
 13. Repeat steps 10–12 once to complete the deprotection 

reaction.
 14. Repeat steps 6–9 to wash the arrays.
 15. OPTIONAL: To verify the successful β-Ala functionalization 

of the paper, immerse the array in a container with the bromo-
phenol blue solution (15 mL, poured in the container before 
to add the paper), and shake the container gently for 1–2 min 
until a blue color is visible. At this stage, the blue color, indica-
tive of the presence of the amino group from β-Ala, should be 
uniform in every zone, confirming the successful functional-
ization of the array. Wash the paper array with 30 mL of meth-
anol for 30 s to remove the blue dye and repeat this washing 
step four times, until no blue color is released from the paper 
(see Note 12).

 16. Allow the arrays to air-dry. If the wash solution is aspirated 
thoroughly, the arrays will dry within 5 min (see Note 13).

PP = Possible Pause Point (see Note 11)

 17. Prepare the second β-Ala activated solution by dissolving the 
pre-weighed Fmoc-β-Ala-OH in NMP. Add the HOaT solu-
tion, mix by vortexing. Add the DIC solution and mix again by 

Fig. 4 Functionalization of the paper with a βAla-βAla linker. (a) First β-Ala functionalization, (b) deprotection 
of the N-terminus of β-Ala, (c) second β-Ala activation, (d) deprotection of the N-terminus of βAla-βAla
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vortexing. Allow the activation of the amino acid by HOAt 
and DIC to proceed for 10 min before spotting.

 18. Spot 15 μL of solution on each zone.
 19. Allow the peptide coupling reaction (Fig. 4, reaction c) to pro-

ceed for 20–30 min, preferably in the dark, and then aspirate 
the excess solution through each zone.

 20. Prepare Capping solutions A and B or use the premade stock 
solutions.

 21. Spot 15 μL of Capping A solution on each zone.
 22. Allow the reaction to proceed for 5 min, and then aspirate the 

excess of reagent.
 23. Spot 15 μL of Capping B solution on each zone.
 24. Allow the reaction to proceed for 10 min, and then aspirate the 

excess of reagent.
 25. Wash the zones on the paper arrays by following steps 6–9.

PP = Possible Pause Point (see Note 11)

 26. Deprotect the N-terminus of the second β-alanine by following 
the steps 10–16 (Fig. 4, reaction d).

 27. The arrays modified with the β-Ala-β-Ala linkers can be stored 
until use.

PP = Possible Pause Point (see Note 11)

To facilitate the calculation of the required volumes of amino acids 
solution, we describe the construction of a set of four tables using 
EXCEL. These tables yield the maps of the master plates with the 
required amount of reagents. This section describes in detail how 
to prepare these tables. Once the tables are constructed, they can 
be used with very minimal input from the user.

 1. Prepare a table to identify the amino acids required at each syn-
thesis cycle. In Table 1, the user add in column C the sequence 
of the peptide (using the convention: Nterminus-XYZ- 
Cterminus) for each position indicated in columns A and B. The 
amino acid required for each cycle to synthesize the peptide 
(from the C-terminus to the N-terminus) is generated in col-
umns D to R. The letter for each amino acid is extracted from 
the sequence, i.e., by using formula (1) for cell D3:

 
= ( ) - +( ) > ( ) - +( )( )IF LEN C D MID C LEN C D$ $ , $ , $ $ , ,""3 3 1 0 3 3 3 1 1

 
(1)

 2. Table 2 generates a map for each amino acid to be added at 
each position of the 8 × 12 array and a total counts for each 
amino acid per cycle. This second table is generated automati-
cally from the sequences input in column C in Table 1 during 

3.3 Construction 
of Tables 
for the Amino Acid 
Mapping 
and Automatic 
Calculations 
of the Required 
Reagents for Peptide 
Synthesis
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step 1. A formula generates the map by copying the amino 
acid of each position from columns D to R of Tables 1 and 2, 
e.g., formula (2) for cell B2 in Table 2,

 
= + + -( )( ) +( )( )INDIRECT ADDRESS A B A Table1 2 1 1 8 4 1 1 1 1$ $ * , $ $ , , ," "

 
(2)

where $A$1 represents the cycle number, 3 + $A$1 the column 
number and (1 + $A2 + (B$1 − 1)*8) the row number in Table 1 
from which the amino acid is imported. The term ($B1 − 1)*8 is 
required for arrays where different peptides are synthesized in 
one row as in the examples presented in Figure 5a and b.

The location of the replicates used on the array can easily  
be changed by modifying the numbers in row 1, columns B–M 
in Table 2: e.g., the 3 replicates are grouped in Figure 5c 

Fig. 5 Examples of Table 1 for arrays of 32 peptides with grouped replicates (a) and arrays of 48 peptides in 
two block arrays (b). Excerpt of Table 2 (first rows) for the example described in a (c) and excerpt of Table 2 
(first rows) for the example described in b (d)
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whereas the 2 replicates in Figure 5d are separatead to form 
two blocks displaying the 48 peptides.

For the next synthesis cycles, the only cell that requires 
modifications in the formula is the cycle number. For example, 
the formula (3) for cycle 2 (cell $A$11) for cell M19 is given by,

 
= + + -( )( ) +( )(INDIRECT ADDRESS A B A Table1 19 1 1 8 3 11 1 1 1$ $ * , $ $ , , ," " ))

 
(3)

This table is particularly useful if the spotting of each activated 
amino acid solutions is performed manually because Table 2 
can be used as a print-out map during the experiment.

A formula is required to calculate the number of occur-
rences of each amino acid in each cycle, e.g., to calculate for the 
12 glycines needed in cycle 1, formula (4) for cell P4 of Table 2 
is given by

 = ( )COUNTIF B M P$ $ : $ $ ,2 9 3  (4)

where $B$2:$M$9 represents the range of the full map for 
cycle 1, and P3 is the cell containing the targeted letter for the 
amino acid counting (i.e., G).

 3. Table 3 calculates the amounts of each amino acid needed for 
a chosen set of synthesis cycles. Table 3 is based on the exam-
ple presented in Figure 5a and c. The input of the user is lim-
ited to the following six cells: value of the first cycle number 
(B2) and last cycle number (C2), number of arrays synthesized 
(G2), volume of solution to be added on each zone (G1, this 
value can vary depending on the type of paper used), number 
of repetition of the coupling (J1, only change this value for 
special cases when the coupling reaction—see Subheading 3.4, 
step 6—is performed more than once at each cycle), and the 
dead volume of the used vessel (J2, typically for deep well 
plate, this value is 50 μL).

The “cycle” table on the right-hand side of Table 3 is con-
structed by repeating formula (4) indicating the letter of the 
amino acid from column M and adding two conditions (the IF 
functions) to ensure counting only the considered cycle if it is 
part of the range of cycles (e.g., 7 as defined in the range of 
cycles described by cells B2 and C2). For example, for cell 
AA6, there were 12 A (or alanine), see formula (5) as follows,

 

= <= <=IF ( B IF (AA C COUNTIF Table B M M$ $ $ $ $ , (’ ’!$ $ : $ $ ,$2 5 2 2 12 19 66 0
2 12 19 6 0

), ,
(’ ’!$ $ : $ $ ,$ ), )COUNTIF Table B M M  

(5)

where AA$5 is the considered cycle (i.e., 2), $B$12:$M$19 the 
map of cycle 2 in the second table (values from the table in 
Figure 5c; cells not visible in the presented excerpt).
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 4. Column A of Table 3 corresponds to the sum of all the amino 
acids counted in the “cycle” table described in step 3. For 
example, for cell A6, a value of 48 was obtained from formula 
(6) as follows

 = ( )SUM N AB$ : $6 6  (6)

 5. The total volume of activated amino acid solutions required 
(see Subheading 3.4 steps 4–6) are calculated in column D, by 
combining the user inputs and the total amino acid occur-
rences from column A. For example, for cell D6, the value of 
4800 μL was obtained from formula (7) as follows

 
= + >( )( )A G J G IF A A J6 1 1 250 180 2 6 0 6 3 0 2*$ $ *$ $ * / *$ $ , / , *$ $

 
(7)

where the factor 250/180 accounts for the excess volume, and 
the IF function is used to determine the number of wells of the 
master plate by dividing the total number of occurrences for 
each amino acid (A6) by the number of replicates of each pep-
tide per array (here, three replicates are used for the 32 pep-
tides, and so A6/3 is used), and to count the dead volume 
($J$2) for each well.

 6. The amount of amino acids required to achieve a final concen-
tration of 0.45 M in the activated amino acid solutions (amino 
acid solution mixed with HOAt and DIC) is calculated as fol-
lows: total volume (columnD) × molecular weight (columnC) 
× concentration with corrective factor for the units. The for-
mula (8) for E6 is:

total volume columnD) molecular weight columnC

concentratio

( ( )´ ´

nn with corrective factor for the units The formula for E is give. 8 6( ) nn by

 = ( )C D6 6 0 45 1000* * . /  (8)

The amounts of the activator HOAt and coupling reagent 
DIC are calculated similarly with an additional reagent-specific 
factor (0.5 for HOAt and 0.25 for DIC [11]). The formulae 
(8′) and (8″) for F6 and H6 are given, respectively, by:

 = 0 9 27 0 5 6 1000. *$ $ * . * /F D  (8′)

 = ( )1 35 27 6 1000 0 25. *$ $ * / * .H D  (8″)

where $F$27 and $H$27 corresponds respectively to the 
molecular weight of HOAt (i.e., 135.1 g/mol) and the molec-
ular weight of DIC divided by its density (i.e., 156.6 mL/mol).

 7. The volumes for individual reagents are calculated as fractions 
from the total volume: 3/5 for the amino acid solution 
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 (column K), 1/5 for HOAt solution (column G), and 1/5 for 
DIC solution (column J). Since DIC is a liquid, it is the sum of 
DIC volume (column H) and NMP volume (column I) which 
makes 1/5 of the total volume.

 8. The exact volumes of stock solutions of HOAt and DIC are 
then calculated in row 26; the row 28 contains the working 
volumes (i.e., the value in row is 26 × 1.2, where 1.2 is the 
excess factor).

 9. Table 4 calculates the amount of all the amino acids and 
reagents required for any particular synthesis cycle(s). A more 
compact table (Figure 6) can be created by hiding the cells of 
all the intermediates and focusing on the volumes of the 
reagents needed for the preparation of the solutions of acti-
vated amino acid.

 10. Table 4 generates the maps of master plates for each coupling 
cycle. Typically, multiple deep well plates contain the stock 
solutions of amino acid at 0.75 M, and the required amount of 
activator (HOAt) and coupling reagent (DIC) for each cycle, 

Fig. 6 Example of a compact version of Table 3. Cells needed for calculations were hidden. Only the required 
volumes of the amino acids stock solutions, HOAt stock solution, and DIC stock solution are displayed
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which will allow for the preparation of the activated amino acid 
solutions.

No input is required from the user in this table. The range 
of cycles is imported from Table 3 (cells B2 and C2), and the 
amino acid map for each cycle from the first table (in this 
example, we used values of the Figure 5a. For example, the 
formula (9) for cell C6 is as follows:

 
= +( ) +( )( )INDIRECT ADDRESS O E Table2 6 3 4 1 1 1$ , $ , , ," "

 
(9)

where the location of the amino acid for each well is defined 
from its row number ($O6) and the considered cycle (E$4). In 
this example, (2 + $O6),3 + E$4 corresponds to cell D3 of the 
table in Figure 5a, and reports a proline (or P).

The cycle numbers, as in cell E4 or I4 of Table 4, are dis-
played in correlation with the range of cycles selected using 
formula (10), which for cell I4 is as follows:

 
= + <= +( )IF C D C$ $ $ $ ,$ $ ,2 1 2 2 1 0

 (10)

where the term $C$2 +1 is the cycle number (i.e., 2), and the 
term +1 needs to be incremented for each additional cycle. For 
example, for cell E37, the formula (10′) is given as follows:

 = + <= +( )IF C D C$ $ $ $ ,$ $ ,2 6 2 2 6 0  (10′)

 11. Finally, the volumes for the stock solutions of amino acid (G1) 
and the two other reagents (same volume for DIC and HOAt, 
so the same formula is used to display it in the last two columns 
of each deep well plate, e.g., cells M10 and N10 for the first 
cycle) are calculated from data of Table 3 with the following 
formulae respectively:

 

= +(’ ’!$ $ *’ ’!$ $ * / *’ ’!$ $ *
’
Table G Table J Table L
Tab

4 1 4 1 250 180 4 1 3
lle L4 2 3 5’!$ $ )* /  (11)

 

= >= >
+

IF ($ $ $ $ , ($ : $ ," ")*
$ $ / * ’ ’!$

D C COUNTIF C J
G Table

2 2 0 4 4 0
1 3 4 3

 
LL$ , )2 0  

(12)

In formula (11), all the references to ‘Table 3’ were previously 
described in step 3. The ratio 250/180 accounts for an excess of 
liquid and the multiplier 3 represents the number of replicates to 
be spotted per array. The IF function in formula (12) counts the 
number of cycles in this particular deep well plate. In the example 
of Table 4, plate # 1 contains solutions for two cycles; whereas 
plate # 4 contains solutions for one cycle. The ratio 1/3 corre-
sponds to the volume of reagent relative to the calculated volume 
of amino acid solution in cell G1 and the multiplier 4 represents 
the number of amino acid solutions to which the reagents need to 
be added.
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 1. Calculate the amounts of amino acids and coupling reagents 
needed. Generate the maps of the master plates using Tables 1, 
2, 3, and 4, as described in Subheading 3.3.

 2. Prepare the master plates (deep well plate) by filling each well 
with the required amounts of the stock solutions of amino acids, 
HOAt and DIC following the map of Table 4 (see Note 14).

 3. Dry the paper arrays completely prior to the coupling of the 
amino acids.

 4. Using an 8-channel pipettor, transfer the pre-calculated vol-
umes of stock solutions (HOAt and DIC) to the wells of the 
master plate for the required cycle. In the specific example of 
Table 4: 60 μL of 2.25 M HOAt and 60 μL of 1.68 M DIC are 
added to the well containing 180 μL of amino acid solutions. 
Mix the solutions well by pipetting up and down multiple times.

 5. Allow the activation of the amino acid to proceed in the master 
plate for 10 min.

 6. Spot 15 μL of the activated amino acid solutions from the mas-
ter plate onto the paper array(s) following the map of Table 2 
using an 8-channel pipettor and allow the reaction to proceed 
for 30 min, preferably in the dark (see Note 15).

 7. Aspirate the excess solution, as described in step 6 of 
Subheading 3.2 (see Note 16).

 8. Cap the unreacted sites, as described in steps 20–25 of 
Subheading 3.2.

PP = Possible Pause Point (see Note 11)

 9. Deprotect the N-terminus of the newly coupled amino acid, as 
indicated in steps 10–16 of Subheading 3.2 (see Note 17).

During the last washing step, the master plate that con-
tains the solutions of amino acids for the next cycle can be 
warmed up to room temperature.

 10. Ensure that the arrays are completely dry, and then proceed to 
the next synthesis cycle by repeating the steps 4–9 until all 
amino acids are coupled.

 1. Thaw phenol at room temperature for 15 min before weighing it.
 2. Prepare the Cleavage A and Cleavage B solutions; the reagents 

must be added following the order given in Subheading 2.1. 
Slowly swirl the solution after each addition of reagents during 
the preparation.

 3. Place each array in an individual container (e.g., small polypro-
pylene box or glass dish). Make sure the array face upwards 
using the pencil mark on the top right corner of the array. Add 
~15 mL of Cleavage A solution to the container and submerge 
the array in it. If air bubbles are trapped under the array, lift the 

3.4 Syntheses 
of the Peptides 
Through Successive 
Addition 
of the Amino Acids

3.5 Cleavage 
of the Side-Chain 
Protecting Group
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corner of the array with a forceps and submerge the array again 
until all bubbles disappear.

 4. Close each container and allow the cleavage reaction to pro-
ceed for 30 min in the dark.

 5. Open the container(s) and pour the excess Cleavage A solution 
into a designated waste disposal container (e.g., “corrosive”). 
Then, wash the arrays with 4 × 15 mL of DCM. (see Note 18).

 6. Repeat steps 3 and 4 with 15 mL of Cleavage B solution, but 
allow the reaction to proceed for 3 h instead of 30 min.

 7. Wash the arrays with 4 × 15 mL of DCM and 2 × 15 mL of 
ethanol. Air-dry the arrays in a fume hood.

 8. The arrays can be used for biological assays immediately or 
they can be stored at −80 °C until use.

In this section, we described the adaptation of protocols detailed in 
Subheadings 3.1 and 3.2 to achieve an automated generation of 
paper arrays of peptides with a liquid-handling workstation (BioTek 
Precision XS). Examples of the programs for the workstation can 
be found in the supporting information of Deiss et al. [10]. We 
anticipate the user to be familiar with the general operation of the 
Biotek instrument as well as basic programming of the instrument 
and the associated terminology.

 1. In the program, define the paper as a new receiving vessel, 
based on a 96-well plate format: add a vertical offset along the 
z-axis to define as the bottom of the vessel the height of the 
paper in the holder on the platform of the liquid-handling 
workstation.

 2. Adjust the specification files of the dispensing system to allow 
spotting of the solutions from a 5-mm height above the paper.

 3. Adjust the dispensing rate to 1 (the slowest) for the distribu-
tion of the viscous sucrose solution.

 4. Prepare a patterning program [10]. Aspirate with the 8-chan-
nel dispenser 8 × 100 μL of sucrose solution from a boat and 
dispense four times 8 × 25 μL in the first four columns. Loop 
three times to ensure deposition of sucrose solution on the 96 
zones of the arrays. Dispense 20 μL of Teflon solution using 
the single-channel bulk dispenser between each zone using a 
horizontal offset; loop the dispensing 88 times. Dispense 
25 μL of Teflon solution on the left and right side of the arrays 
using the same dispenser 8 times for each side. Repeat the pro-
gram four times for the four positions of the paper arrays on 
the workstation.

 5. Follow steps 1–4 of Subheading 3.1 to prepare the paper array. 
Place four holders with wax-patterned paper arrays on the 
workstation matching the position of the receiving vessels. A 

3.6 Semi-automated 
Synthesis 
on Patterned- Paper 
Microarray

3.6.1 Automated 
Deposition of Teflon
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stacker loaded with multiple holders can also be used for the 
automated deposition of Teflon on a larger number of paper 
arrays.

 6. Fill a boat on the workstation with 50 mL of the sucrose 
solution.

 7. For the distribution of the Teflon solution, a bulk dispenser is 
recommended as it allows the solution to be dispensed from a 
closed bottle, which prevents evaporation of the solvent.

Initialize the single-channel dispenser, use the “prime” 
function to rinse the tubing with 2000 μL of HFE-7100 (i.e., 
methoxyperfluorobutane). Then, prime the tubing with 
1500 μL of Teflon solution.

 8. Load the Teflon patterning program prepared at step 4 and 
start the run.

 9. When the program has proceeded for the four arrays, the arrays 
can be put aside and a new batch of four arrays can be prepared 
by simply refilling the boat with the sucrose solution and start-
ing the run again without unloading/reloading the program.

 10. Process the Teflon-patterned paper arrays, as described in steps 
7–11 of Subheading 3.1.

 11. When finished with the full batch of arrays, clean the single- 
channel dispenser. This is achieved by purging 2000 μL back 
from the Teflon solution bottle, and priming it with 4000 μL 
of HFE-7100 to rinse the residual Teflon in the dispenser. 
Prime with 3 × 4000 μL of ddH2O, then use the “purge” func-
tion to empty the tubing by purging a fictive liquid volume of 
2000 μL prior to shutdown.

 1. Follow the functionalization protocol described in 
Subheading 3.2 (steps 1 and 3). At step 4, use the liquid-
handling workstation to spot 15 μL of the first β-Ala function-
alization solution. Use a script similar to the one used for the 
deposition of the sucrose solution, as described in step 4 of 
Subheading 3.6. Aspirate 8 × 90 μL from a boat containing 
9 mL of first β-Ala functionalization solution, and dispense six 
times 8 × 15 μL of solution on the array. Loop twice for the 
entire array. Repeat four times for the four paper vessels on the 
platform.

 2. For the Fmoc-deprotection detailed in steps 10–16 of 
Subheading 3.2, use one program for both depositions of 
piperidine solution. Aspirate 8 × 90 μL from a boat containing 
9 mL of piperidine, dispense six times 8 × 15 μL of solution on 
the array. Loop twice for the entire array. Repeat four times for 
the four paper vessels on the platform. Add a 5-min timer fol-
lowed by a “pause” using the function “stand-by until user 
resume” in “replenish of supply” to allow the time for the user 

3.6.2 Automated 
Functionalization 
of the Paper Array 
with a βAla-βAla Linker
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to transfer the plate to the 96-nozzle aspirator. Then, repeat 
the same program for the second spotting of piperidine.

 3. The four washing steps are combined in one program. Aspirate 
8 × 90 μL from a boat containing 50 mL of DMF, dispense six 
times 8 × 15 μL of solution on the array. Loop twice for the 
entire array. Repeat four times for the four paper vessels on the 
platform. Add a “pause” using the function “stand-by until 
user resume” in “replenish of supply” to allow the time for the 
user to transfer the plate to the 96-nozzle aspirator, and then 
place the holders back on the platform. Repeat the program 
four times.

 4. For the spotting of the second β-Ala activated solution, as 
described in step 18 of Subheading 3.2, use the program made 
for step 1 but fill the boat with the second βAla activated 
solution.

 5. For the capping step described in Subheading 3.2 steps 20–
25, prepare a program similar to the Fmoc deprotection in 
step 13. Aspirate 8 × 90 μL from a boat containing 9 mL of 
Capping A solution, and dispense six times 8 × 15 μL of the 
solution on the array. Loop twice for the entire array. Repeat 
four times for the four paper vessels on the platform. Add a 
5-min timer followed by a pause using the function “stand-by 
until user resume” in “replenish of supply” to allow the time 
for the user to transfer the plate to the 96-nozzle aspirator. 
Repeat the program and change the location of the boat. Fill 
the second boat with 9 mL of the Capping B solution. Change 
the timer from 5 to 10 min.

All the steps of washing, Fmoc-deprotection, and capping can 
be performed by running the programs written in step 13. The 
programs required for the coupling cycle of the amino acids solu-
tion are created for each cycle, using programs similar to those 
described in the previous section. Briefly, there are three key steps: 
(1) the automated mixing of the DIC, HOAt and amino acid solu-
tions, (2) a 10-min incubation and, (3) the spotting of the solu-
tions onto the arrays (8 × 15 μL at a time). Examples of programs 
are available elsewhere [10].

 1. Using a 1-hole punch with a diameter of 3.1-mm (1/8 in.) to 
punch out the areas of paper that contain the peptides. The 
area should be smaller than the size of one square (4 mm × 4 mm) 
of the paper array.

 2. Place the pieces of punched paper in 2-mL glass vials.
 3. Place all the open vials in a glass desiccator and evacuate the air 

from the desiccator (e.g., using vacuum or aspirator).
 4. The peptides will be cleaved off the paper by ammonia. 

Generate ammonia gas by mixing 20 g of sodium hydroxide 

3.7 Cleavage 
of the Peptides 
from the Paper 
for Characterization
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(NaOH), 20 g of ammonium chloride (NH4Cl) and 10 mL of 
water in a 500-mL Erlenmeyer flask in a fume hood. Shake the 
flask to start the gas flow. Use a tubing to connect the flask to 
the desiccator and fill it with ammonia gas. Allow the cleavage 
reaction to proceed overnight. WARNING: Ammonia gas is 
corrosive and irritating; this step must be performed in a fume 
hood.

 5. After the dry aminolysis, open the desiccator and release the 
ammonia gas for 30 min in the fume hood.

 6. Add 100–200 μL of water to each vial, mix by vortexing and 
incubate for 1 h to desorb the peptides from the paper.

 7. Transfer the solutions into new vials and perform the peptide 
analysis (e.g., characterization by LC-MS).

If you require sterile arrays for biological assays such as ligand bind-
ing assays, follow this protocol prior to the assay.

 1. Submerge the paper arrays in 95 % ethanol for 30 min.
 2. Discard ethanol and air-dry the paper in a bio-hood for 1 h.
 3. Rinse the arrays by submerging them in sterile basal media 

(e.g., DMEM) for 5 min. Repeat the rinsing step three times.
 4. Rinse twice with the media required for your biological assay.

4 Notes

 1. The commercial solution of Teflon AF is very viscous. To pre-
pare a dilute solution of Teflon, pipette the commercial solu-
tion slowly and transfer it into a bottle already containing 
methoxyperfluorobutane (or HFE-7100). Mix by pipetting up 
and down multiple times until the solution does not appear to 
be viscous anymore.

 2. Warm up the bottles containing amino acids to room tempera-
ture for 15–30 min before opening the bottles. The Fmoc- 
protected derivatives of arginine, cysteine, asparagine, 
glutamine and histidine require extensive vortexing and time 
to dissolve.

 3. The BioTek Precision XS workstation can handle four arrays at 
a time. It will take ~1.5 mL of solution per array. The reagent 
vessel—50 mL polypropylene “boat”—has a dead volume of 
3 mL.

 4. The Cleavage solutions A and B must be prepared fresh before 
the step of cleavage of the protecting groups, as described in 
the Subheading 3.5. The Cleavage B solution must be pro-
tected from light.

 5. The Teflon solution does not impregnate well the cellulosic 
fibers of the paper coated with the solid ink (or wax). Therefore, 

3.8 Ethanol 
Sterilization of Paper 
for Biological Assays

Peptide Paper Arrays



270

the use of a stroke of 0.8 pt for Whatman paper No. 50 (or 
1 pt for thicker paper like Whatman paper grade 1) maximizes 
the area accessible to the Teflon solution for the formation of 
the solvophobic barriers.

 6. Do not stack the paper arrays in the oven to ensure proper 
distribution of the heat and to avoid transfer of wax from one 
sheet of paper to another.

 7. After deposition of the sucrose solution, minimize the delay 
before depositing the Teflon solution, because the sucrose 
solution can drip through the paper then allows a “puddle” of 
Teflon to form on top of the flattened drop of sucrose.

 8. Drying of the paper arrays can be accelerated by placing them 
in an oven at 60 °C for 20 min.

 9. For arrays that are dried overnight, the sucrose solution will 
harden and a long washing time is required to remove it.

 10. The defects observed on the paper after the wash can be 
marked with a pencil. This mark will be used to facilitate the 
subsequent “repair” of the defects with Teflon solution.

 11. At PP (Possible Pause Point), ensure that the paper arrays are 
dry. If needed, wash the arrays twice with methanol (or etha-
nol) and dry them by a natural air flow in a fume hood or by 
using cold air from an air gun/hair dryer. Place the arrays in a 
resealable plastic bag, and store them at −20 °C for a short 
time or at −80 °C for longer time. The arrays have to be 
warmed up to room temperature for 30 min prior to resuming 
the synthesis.

 12. The presence of the bromophenol blue dye on the paper does 
not affect the subsequent peptide synthesis.

 13. To remove the excess DMF from the paper arrays and accelerate 
their drying, spray the arrays with ethanol and aspirate it.

 14. Master plates can be prepared ahead of time and stored for up 
to 1 week at −20 °C. If a master plate is used on the same day, 
it can be stored at 4 °C.

 15. If the optional step for bromophenol blue staining test (see 
step 15 of the Subheading 3.2) was performed, at this step 6 
of Subheading 3.4, the zones should have a yellow-green color.

 16. Glutamine and arginine can precipitate during the coupling 
reaction, and thus the arrays need to be aspirated for a longer 
time. If after 2 min, the excess solution is still not completely 
removed by the vacuum, add DMF on the problematic zones 
and continue to aspirate for another minute.

 17. After Fmoc-deprotection the zones should become blue- 
colored. The color intensity depends on the nature of the 
amino acid, and thus the staining gives only qualitative infor-
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mation. If the color fades after a few coupling cycles, repeat 
step 15 of Subheading 3.2.

 18. In the presence of Cleavage A and B solutions, the paper arrays 
are fragile and might get damaged by a strong flow. Use cau-
tion when slowly pouring DCM onto the arrays.
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    Chapter 19   

 Cell Microarrays for Biomedical Applications       

     Mario     Rothbauer    ,     Verena     Charwat    , and     Peter     Ertl      

  Abstract 

   In this chapter the state of the art of live cell microarrays for high-throughput biological assays are reviewed. 
The fabrication of novel microarrays with respect to material science and cell patterning methods is 
included. A main focus of the chapter is on various aspects of the application of cell microarrays by provid-
ing selected examples in research fi elds such as biomaterials, stem cell biology and neuroscience. 
Additionally, the importance of microfl uidic technologies for high-throughput on-chip live-cell microar-
rays is highlighted for single-cell and multi-cell assays as well as for 3D tissue constructs.  

  Key words     Cell microarray  ,    Microfl uidic    ,   Integrated microdevices  ,   Single cell  ,    Organoids    ,    Spheroids    

1       Introduction 

 The implementation of micromachining and micro-scale technolo-
gies for biomedical applications enables the advanced in vitro cell 
analysis using cellular microarrays, microfl uidic systems, and micro- 
scale diagnostics. The greatest benefi t of miniaturized cell analysis 
systems is the ability to provide quantitative data in real time with 
high reliability and sensitivity, which are key parameters for any 
cell-based assay. An additional advantage of cell-based microarrays 
is their inherent high-throughput capability, which allows for large- 
scale screening of single cells, multi-cell populations, and spher-
oids. The interest in cell microarrays is also refl ected in a rapid 
increase in the number of publications over a period of 10 years. 
Figure  1  provides an overview of number of manuscripts published 
between 2000 and 2013 based on article search in the ScienceDirect 
database using keywords such as microarray, cell microarrays, and 
3D and single-cell microarrays.

    Miniaturization   of cell assays using cell microarrays increases 
not only throughput but also signifi cantly reduces the consump-
tion of reagents and the requirement of cellular material, which are 
key criteria when using clinical grade reagents and primary cell 
 cultures. The proven cost reduction of cell-based microarrays 
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makes them a highly attractive tool for a wide range of applications 
in pharmacology, toxicology and stem cell research [ 1 ]. 
Consequently, cell microarrays have been explored for pharmaco-
logical applications to determine gene expression, cell-to-surface 
interaction, extracellular matrix (ECM) production, cell migration 
and proliferation [ 2 ]. Additionally a variety of cell microarrays have 
been used to study alterations of intracellular/extracellular bio-
chemistry, cell morphology, motility and adhesion, survival/apop-
tosis, and proliferative properties. 

 Generally, there are two strategies for the fabrication of micro-
arrays for cell analysis and they involve either direct or indirect cell 
patterning approaches. The indirect method involves the placing 
of cells on top of pre-modifi ed surfaces that allow for cell attach-
ment. The most important application of indirect patterning is the 
so-called “reverse transfection,” developed by the Sabbatini group 
in 2001, where small spots of vector constructs are printed on a 
slide, and a cell layer is then cultivated on the slide [ 3 ]. Functional 
assays are subsequently performed to identify effects of gene and 
protein overexpression or knockdown. Indirect cell patterning 
requires proper surface chemistry and applied functionalization 
procedures become a determining factor in the successful fabrica-
tion of cell microarrays. On the other hand, the direct cell patter-
ing approach is mainly based on integrated geometric features 
within the microdevice including channels, grooves, wells, and pil-
lars that allow for effi cient cell capture. A recent technological 
advancement of cell-based microarrays involves their combination 
with microfl uidics to enable nutrient supply and waste removal for 
optimum cell culture conditions.  Microfl uidics   is considered to be 
a technology that allows for the precise manipulation and control 

  Fig. 1    ( a ) Histogram illustrating the number of publications containing the keywords “microarrays” and “live 
cell microarrays” over a 13-year period. ( b ) Histogram illustrating the number of publications related to “single 
cell,” “3D/ spheroid,” and “cell microarrays” between 2000 and 2013       
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of very small fl uid volumes down to pL scale. The main advantages 
of integrating microfl uidic channels to cell-based microarrays is the 
ability to regulate and transport fl uids, soluble factors, drug candi-
dates, and bioactive substances at specifi c solution concentrations 
and gradients. The application of microfl uidics has already shown 
to create new opportunities for the spatial and temporal control of 
cell proliferation and stimuli [ 4 ]. For instance, microfl uidic cell 
assays have been used for conducting fast screening experiments, 
evaluating drug-related toxicity, and elucidating optimal cell cul-
ture conditions. The current trend towards the integration of sen-
sory systems into cell-based microsystems leads to the creation of 
fully automated, highly integrated multifunctional Lab-on-a-Chip 
( LOC  ) systems for biomedical, biomaterial, and pharmaceutical 
research [ 5 – 9 ].  

2     Live- Cell Microarray  s 

 Understanding the impact of bioactive substances on cell cultures 
is a fundamental aspect of many biomedical research fi elds ranging 
from cell biology studies to drug testing and development of opti-
mized cell cultivation strategies. Originating from the DNA micro-
array technology, patterns of small molecules and peptides were 
initially used to assess their suitability as cell adhesion promoters in 
large-scale screening efforts. For instance, screening of cell 
adhesion- promoting proteins was investigated by Ito et al. in 2005 
using photochemistry for microarray patterning [ 10 ]. 

 In another early study, different cell types were seeded on a 
peptide array to analyze cellular activities including cell adhesion 
and functional phosphorylation in response to different stimuli 
[ 11 ]. In a similar study, a large range of peptides was screened for 
their potential of binding Jurkat cells on top of predefi ned patterns 
[ 12 ]. There were other functional screening studies which investi-
gated immune responses of antigen-specifi c T-cells mediated by 
major histocompatibility complex (MHC) using the peptide-MHC 
arrays [ 13 ,  14 ]. In addition to peptides, another substance of great 
interest for cell interaction studies is the glycans, which are known 
to play important cell biological roles including cell–cell signaling 
and immune responses. As an example, selective binding of CD4 +  
T cells to carbohydrates was demonstrated by microarray screening 
[ 15 ]. Additionally, cell–membrane interactions have been studied 
in the microarray format where a large number of cell adhesion 
molecules were characterized in the presence of different mem-
brane compositions [ 16 ,  17 ]. Furthermore, cell microarrays have 
also been used for functional analysis of polymers for application in 
cell culture handling. In 2004, Anderson et al. screened a polymer 
library for transfection effi ciency in cancer cells with the goal to 
fi nd a nonviral DNA vector for gene therapy in cancer treatment 
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[ 18 ]. Another interesting microarray screening for polymers was 
aimed at identifying relationships between surface chemical struc-
ture and related protein adsorption), and the effect of polymer on 
cell adhesion [ 19 ]. 

 In this respect, cell microarrays demonstrated their usefulness to 
screen for cellular response to synthetic and natural biomaterials such 
as synthetic polymers and ECM-derived adhesion promoters, respec-
tively [ 20 – 22 ]. The focus of these studies is based on surface chemis-
try and surface topography as well as biological interactions with 
surface-patterned biomolecules. For instance, heterogenic polymer-
based microarrays can be used to identify new biomaterials that sup-
port adsorption of ECM-derived adhesion promoters, thus promoting 
cell adhesion [ 23 ]. Another approach implemented switchable 
thermo-responsive surface microarrays to support cell adhesion with 
consecutive nonenzymatic sample release upon temperature decrease 
[ 24 ,  25 ]. An alternative application of cell microarrays is the screen-
ing of antifouling surfaces that are able to resist bacterial adhesion, 
which is important to prevent biofi lm formation at the surfaces of 
biomaterials [ 26 – 28 ]. Furthermore, microarrays containing different 
topographic patterns have been used to elucidate the interplay 
between surface topography and cellular behavior, and to fi nd 
improved biomaterials for cell culture applications [ 29 ,  30 ]. 

 The use of antibody microarrays as a platform for high- 
throughput screening of immune cells in blood to detect specifi c 
surface markers on immune cells constitutes a promising approach. 
Here, single cells and whole cell populations can readily be captured 
on the patterned antibody regions and functionalized microstruc-
tures because of specifi c cell-to-surface interactions [ 31 ,  32 ]. One 
prominent example involves the use of antibody arrays for pheno-
typing of blood cells to identify subpopulations of CD19 +  B lym-
phocytes, CD16 +  neutrophils, CD36 +  monocytes as well as CD4 + / 
CD8 +  T cells [ 33 – 35 ]. In a similar manner, antibody arrays have 
been applied for serotyping prokaryotic cells [ 36 ,  37 ]. Overall 
speaking, the antibody-based microarray technology can advance 
state-of-the-art monitoring of disease and pathological conditions 
(HIV, leukemia, circulating tumor cells, etc.) by increasing the sam-
ple throughput as well as the throughput of antigens to be tested. 

 In recent years, live-cell microarrays have mainly been employed 
for parallelization and high-throughput analyses in the fi eld of cell 
biology, tissue engineering and tissue regeneration to gain a deeper 
understanding of dynamic cell response. For instance, cell-based 
microarrays have been applied for investigation of cell proliferation 
and morphology changes [ 38 ], protein expression [ 39 ],  transfection 
of cell cultures; imaging of (single) cells and tissue constructs [ 40 ], 
as well as for cell–cell, cell–surface, and cell–substance interaction 
studies. We especially want to emphasize the importance of cell 
microarray technology in the fi eld of neuroscience, stem cell 
research as well as cell-to-surface interaction studies. Figure  2  
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shows a schematic overview of life-cell microarray technology 
based on planar spots, cavities, and microwells as well as 3D micro-
structures for cell analysis applications.

   With the advent of cell-based personalized therapies, cell 
microarrays have been increasingly applied in stem cell research for 
the analysis of the fate of cellular processes and of biomaterial inter-
action, and for the screening of cell-specifi c stimuli [ 41 ]. As for the 
fate of cellular processes, where the spatiotemporal control of the 
cellular microenvironment plays a major role, microarrays have 
been applied to control cell morphology as well as migration, dif-
ferentiation, proliferation and the health status of stem cells [ 42 –
 44 ]. As an example, the responses of human embryonic stem cells 
(hES) to biomaterials were investigated using microarrays reveal-
ing the impact of individual compositions of biomaterials on stem 
cell [ 20 ,  21 ]. Furthermore, ECM microarrays have been employed 
for high-throughput analysis of environmental factors that guide 
stem cell function and fate. To account for the natural 3D micro-
environment of cocultures that is present in native tissues, spheroid 
microarrays [ 45 ] have been recently developed to improve the dif-
ferentiation effi ciency of multipotent mesenchymal stem cells 
(MSCs). In this study, the osteogenic and adipogenic differentia-
tion effi ciency as well as phenotype maintenance ( see  Fig.  3 ) was 
signifi cantly increased by introduction of 100 μm-sized cell spher-
oid microarrays.

   Another prominent application of live-cell microarrays is in the 
fi eld of neuroscience, where the analysis of single neurons as well 
as large neuronal populations is of highest interest for  understanding 
brain development including the onset and progression of 
degenerative diseases. Here, live-cell microarrays are able to over-
come limitations of conventional analysis technologies that mainly 
record neuronal data based on the activity of cellular clusters, thus 

  Fig. 2    Live-cell microarray technology. ( a ) Microarrays based on planar patterns, wells and 3D microstructures, 
( b ) various applications of live-cell microarray for cell analysis       
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only providing information on subpopulations of neurons [ 46 ]. It 
is important to note that spatially resolved analysis of neuronal 
populations have highlighted that local as well as global cell densi-
ties play a crucial role in neural network activity [ 47 ,  48 ]. 
Consequently, cell patterning approaches combined with multi- 
electrode arrays (MEA) containing 4,096 single electrodes have 
shown to retain the key properties of random neuronal networks 
such as transmission, short-term plasticity as well as bulk network 
activity [ 49 ]. In a similar manner, MEAs with an even higher spot 
density of 11,011 microelectrodes has been used to visualize net-
work topography and action potential propagation of neurons 
upon stimulation and record dynamic responses with single-cell 
resolution [ 50 ]. Figure  4  shows examples of microarray layouts for 
the investigation of neural networks.

  Fig. 3    Comparison between monolayer culture and spheroid in the live-cell microarray technology on the 
capacity of mesenchymal stem cells (MSCs) to differentiate in osteogenic and adipogenic lineage (adapted 
from ref.  45 , with permission from Elsevier)       
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3         Microfl uidic   Live- Cell Microarray  s 

 As outlined in the previous section, cell-based microarrays have 
enabled deeper insights into important cell biological aspects such 
as cell-to-cell and cell-to-surface interactions, and have mainly 
been applied for toxicological screenings of pharmaceutical com-
pounds and nanomaterials. Recent advancements of live-cell 
microarrays included the integration of microfl uidic channels that 
allow for further miniaturization and automation of cell-based 
assays. Developed in the early 1980s, microfabrication and MEMS 
technology were revolutionized by Whitesides and colleagues in 
the late 1990s with the introduction of soft lithography, which 
made microfl uidic technology available to a broad scientifi c com-
munity [ 51 ]. The main advantage of microfl uidics for cell analysis 

  Fig. 4    Live-cell microarray for applications in neuroscience. ( a ) Microdevice with 
60 electrodes for the analysis of multiple cellular populations ( A – E ) (adapted 
from ref.  46  with permission from Elsevier). ( b ) Multi-electrode array MEA bio-
sensor featuring 4096 electrodes for high-resolution measurements of neuronal 
networks. ( c ) Micro-contact printed PLL/agarose surface patterns for establish-
ment of a symmetric network of primary neurons. Scale bar, 200 μm       
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is the incorporation of automated fl uid handling routines, which 
allows for reproducible cell culture conditions. Some of the many 
benefi ts of microfl uidics for cell culture handling include control 
over surface chemistry, topography, and geometry as well as the 
precise transport of fl uids and soluble factors (growth factors etc.). 
Therefore, the increasing effort on combining microfl uidics with 
various cell patterning methods has led to the development of 
next-generation live-cell microarrays over the last decade [ 52 – 55 ]. 
For instance, one of the major issues addressed by microfl uidic 
live-cell microarrays is the inherent heterogeneity of cell popula-
tions by developing high-throughput single-cell microarrays that 
recapitulate the biological situation, thus providing in vitro data 
that are more relevant to in vivo situations [ 56 ]. 

 Based on the relevance of microfl uidic live-cell microarrays for 
industrial and clinical applications, the various advancements of 
these microarrays for single-cell and three-dimensional assays ( see  
Fig.  5 ) are described in more detail in the following two sections.

     Practical applications of microfl uidic single-cell arrays include 
tumor biology, stem cell biology, antibiotic resistance screening, as 
well as single-cell immune-typing. As indicated above, microfl uidic 
single-cell microarrays are ideally suited to assess the heterogeneity 
within a cell population by analyzing the responses of a large num-
ber of individual cells to provide information on subpopulation 
distribution, cellular activities, and the ratio of responding and 
non-responding cells. It is important to highlight that the intrinsic 
cellular heterogeneity of single circulating tumor cells (CTCs) 
determines the metastatic potential, thus further highlighting the 
importance of single-cell analysis approaches. The main emphasis 
in tumor biology, therefore, is concerned with understanding the 
formation and growth of primary tumors, local tumor cell inva-
sion, migration and extravasation, and fi nally, tumor cell metastasis. 

3.1   Microfl uidic   
Single- Cell 
Microarray  s

  Fig. 5    Schematic overview of microfl uidic single-cell and 3D microarray technologies       
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However, one of the major limitations of assessing for example the 
metastatic potential of CTCs is the inherent diffi culty of isolating 
10–100 rare cells in blood within high background of normal 
blood cells (10 9  to 10 10  cells per mL).  Microfl uidic   single-cell 
arrays can facilitate the study of CTCs by providing the diagnostic 
tools capable of isolating and analyzing CTCs using surface marker- 
based and marker-free methods. While surface marker-based meth-
ods predominantly employ magnetic beads for cell capture [ 57 , 
 58 ], marker-free microfl uidic isolation methods use pillars and 
fl ow focusing approaches [ 59 – 61 ]. A prominent example of single- 
cell analysis using microfl uidic single-cell microarrays is the appli-
cation of genotyping and mechano-typing, also called “deformability 
cytometry,” which has been established for identifi cation of malig-
nant and benign cells [ 62 – 64 ]. Another example of a microfl uidic 
single-cell microarray integrates an array of PDMS-based cell- 
capture pockets ( see  Fig.  6a ) that can be used to detect tumor pro-
liferation and apoptosis following the administration of anticancer 
agents [ 65 ]. More recently, single-cell gene profi ling has been used 
to identify different populations of CTCs thus highlighting that 
cellular heterogeneity is a major factor in cell-based assays [ 66 ]. 
Furthermore, it could be shown that expression profi les of CTCs 
diverged distinctly from those of well-established cancer cell lines, 
thus questioning the suitability of conventional in vitro models for 
drug discovery and cancer therapy research.

  Fig. 6     Microfl uidic   cell microarray technologies for single-cell analysis. Schematic 
representation of single-cell microfl uidic devices for ( a ) cell capture and analy-
sis, and ( b ) proliferation studies at the single-cell level       
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   Similarly microfl uidic single-cell microfl uidic microarrays with 
integrated cell-capture pockets have been applied for analysis of 
signaling dynamics of hematopoietic stem cells as well as their cell 
division, time-resolved viability, and cell migration and motility 
analysis [ 67 ]. Another approach uses micro-arrayed 4.1 nL nano- 
pockets ( see  Fig.  6b ) for investigation of rare hematopoietic stem 
cells, where proliferation studies of single cells have been con-
ducted [ 68 ]. Based on these technological advances, single-cell 
microfl uidic approaches can potentially be applied for bacterial 
pathogenesis research. For instance, to investigate how antibiotic 
resistance can arise in bacteria, the microfl uidic technology has 
been employed that provided evidence on the establishment of 
resistant populations from one single bacterium [ 69 ]. In another 
microfl uidic approach, the impact of paracrine signaling on clot-
ting capabilities of blood was investigated using single perfused 
pockets inside microchannels [ 70 ]. 

 Alternative approaches for single-cell immuno-typing are based 
on single-cell nanowell arrays. In one application, T cells were cap-
tured by gravity sedimentation within the nanowells and subse-
quently stimulated. Cell analysis was accomplished using ELISA 
and immunofl uorescence staining to provide biological informa-
tion with single-cell resolution [ 71 ,  72 ]. Similarly, microarrayed 
nanowells were applied for on-chip analysis of the secretome of 
CD4 +  T cells [ 73 ]. In another approach implemented by electro-
physiological sensor recordings on single cells with high spatiotem-
poral resolution, the neuronal network activity was investigated 
[ 74 ]. Moreover, single live-cell microarrays in combination with an 
array of cantilevers have been established to measure the mass of 
cancer cells, thus revealing information on individual cells under 
different physiological conditions in a noninvasive manner [ 75 ].  

  
 While microfl uidic single-cell assays provide information on het-
erogeneity within a cell population, microfl uidic 3D cell microar-
rays are used to further investigate cell-to-cell interaction and 
communication of heterotypic cultures including the impact of cel-
lular secretome of individual cells on bulk cell cultures. Additional 
advantages of employing microfl uidic 3D cell microarrays for cell 
culture applications include the improved in vivo-like microenvi-
ronment where cells are surrounded by ECM, are in direct contact 
with each other (either in a homotypic or heterotypic way) and are 
in combination with controlled nutrient supply and waste removal. 
Various studies have shown that 3D culture techniques based on 
aggregates, spheroids and tissue scaffolds or hydrogels help cells to 
retain their natural functionality. For instance, it has been shown 
that hepatocytes can exclusively maintain their physiologically rel-
evant phenotype within a 3D context [ 76 ]. Additionally, mesen-
chymal stem cells (MSC)-derived hepatocytes exhibited key 
functions including urea synthesis and metabolite clearance only 

3.2    Microfl uidic   3D 
 Cell Microarray  s
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when cultured within a three-dimensional cellular microenviron-
ment [ 77 ]. Moreover, the 3D spheroid systems have been applied 
extensively for immune-activation, as well as for engineering of 
native tissues including cartilage, lung, liver, kidney, gut, bone, 
brain, pancreatic, and cardiac organoids in vitro [ 78 – 86 ]. 
Furthermore, various spheroid cultures have been presented as 
viable and novel tools to establish vascular structures and to inves-
tigate network formation in vascularization research [ 87 ,  88 ]. 
More recently, there are developments that incorporate micro-
structures in microfabricated systems to increase the variety of 
functional spheroid geometries ( see  Fig.  7 ), and these microstruc-
tures include stripes, triangles, and star-shaped objects [ 89 ,  90 ]. 
Based on these advances, the microfl uidic 3D cell microarrays rep-
resent a valuable tool for high-throughput screening applications 
such as improved drug screening and tissue engineering.

   Similar to the microfl uidic systems containing integrated pock-
ets, on-chip U-shaped microstructure arrays ( see  Fig.  8a ) have been 
employed as an effective method for the generation of multicellular 
spheroids (MCS) [ 91 ]. It is demonstrated that in situ fabrication 
can replace an expensive cleanroom setup for creating the PEG- 
based microstructures (pockets) within microchannels. The epi-
thelial HepG2 tumor cell spheroids do respond to doxorubicin 

  Fig. 7    Organoid geometries on chip. ( a ) Millimeter-scaled 3D biomaterial-free tissue constructs with the  star-
like ,  round , and  square  geometry. Scale bar, 500 μm. ( b ) Formation of cardiac organoids with the  stripe  geom-
etry. Scale bar, 100 μm       
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treatment, and this response could effectively demonstrate a 3D 
liver tissue construct is superior to the conventional 2D cultures. 
In a similar study, an increased chemotherapeutic resistance has 
been reported for spheroids generated from cells obtained from 
patients with terminal epithelial ovarian carcinoma, which was 
related to an enhanced expression of kallikrein-related peptidases 
in the spheroid cell culture [ 92 ]. Approaches based on the well- 
known hanging drop technique have also been developed for 

  Fig. 8     Microfl uidic   approaches to establish 3D cell cultures. ( a ) Microchannel 
with integrated U-shaped pockets for capture of cell populations and consecu-
tive organoid formation. ( b ) Microfl uidic devices based on formation of organoids 
using hanging drop techniques. ( c ) Microfl uidic chamber arrays with cell capture 
pockets for organoid formation within microchannels. ( d ) Microfl uidic devices 
based on cell-laden hydrogels for 3D organoid construct formation       
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microfl uidic live-cell microarray ( see  Fig.  8b ). For instance, parallel 
formation of spheroids of different cell types was achieved on the 
hanging drop for consecutive in-line bioactivation and pharmaceu-
tical compound evaluation assays [ 93 ]. PDMS-silicon hybrid 
devices containing integrated pyramid-like micro-cavity arrays 
were used for short-term MCF-7 breast cancer and long-term 
HepG2 liver spheroid culture analysis [ 94 ]. Using this microfl uidic 
3D cell microarray, cell viability, albumin secretion, and respiratory 
activity were recorded in a high-throughput manner. Another 
study reported a three-layer PDMS/PC membrane microfl uidic 
system featuring integrated cell capture chambers ( see  Fig.  8c ) 
capable of forming prostate cancer co-culture spheroids to reca-
pitulate the growth behavior of PC-3 cancer cells within a bone 
metastatic prostate cancer microenvironment [ 95 ]. Results of 
study showed that spheroid culture of CD133 +  PC-3 cells remained 
in the quiescent state and as an undifferentiated phenotype, thus 
preserving the relevant surface markers of cancer stem cells (CSCs). 
These cells are believed to play a major role in metastasis and may 
become a promising avenue for anticancer therapy. Other micro-
fl uidic devices as shown in Fig.  8d  have utilized 3D cocultures that 
were embedded within a basement membrane hydrogel, rather 
than organoid structures [ 96 ]. Such systems have been used for 
chemotherapeutic drug testing using a three-dimensional hydrogel- 
based MCF-7 breast cancer spheroid model [ 97 ].

4         Conclusion and Future Prospects 

 This chapter reviews live-cell microarrays as a versatile platform for 
high-throughput cell analysis, where cells are exposed to a range of 
stimuli in a highly parallelized manner. The ability to obtain a large 
amount of data from a single experiment using live-cell microarray 
technology represents an ideal approach to gain deeper insights 
into cellular phenotypes, which is of special relevance in the con-
text of system biology, disease modeling and personalized medi-
cine. In general, two major fi elds of applications can be defi ned, 
which can be associated with (a) screening of small substance 
(chemical) and genomic libraries and (b) evaluation of cell–micro-
environment interactions. Consequently, live-cell microarrays have 
proven to be useful for a wide range of biomedical applications 
including investigation of cell signaling in healthy and diseased 
 systems, cell–cell and cell–matrix interaction studies, drug screen-
ing, cell sorting, and cell phenotype characterization. 

 In the light of an increasing demand of robust, reliable, and 
reproducible cytotoxicity screening assays for disease modeling, 
pharmaceutical compound testing and cell-based therapies, cell 
microarrays are expected to play a major role in future biomedical 
science. The necessity for advanced in vitro cell analysis systems has 
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therefore provided the opportunity to develop automated cell cul-
ture systems capable of monitoring single cells, multi cell popula-
tions and spheroids. Here, the combination of microfl uidics with 
microarray technology allows for further miniaturization, automa-
tion and large volume testing even using complex biological sys-
tems. For instance, microfl uidic 3D cell microarrays containing live 
tissue analogues can be envisioned for high-throughput drug 
screening with in vivo relevance. This latest trend of combining 
microarrays, microfl uidics and 3D cell culture technology includes 
the reliable establishment of multi-organs-on-a-chip and human-
on- a-chip systems that mimics the complex interplay of multiple 
organs in one single device. One prominent multi-layer multi-
organ- chip system for long-term cultivation of liver and skin organ-
oids has been applied for long-term monitoring of cellular 
metabolic activity including glucose consumption, lactate dehy-
drogenase (LDH) and lactate production in the presence of a 
direct long-term exposure to fl uid fl ow [ 98 ]. In addition, the 
impact of troglitazole (an antidiabetic drug) on the metabolic 
activity was investigated over a 6-day exposure period. However, 
practical application of organ-on-a-chip technology for clinical 
testing requires to address the limitations of various components 
associated with systems integration such as micropumps, micro-
heaters, microdegassers, and microsensor arrays, automation, and 
miniaturization. Figure  9  highlights key aspects of the need to fur-
ther develop microfl uidic cell microarray technology for high- 
throughput and high-content testing of living cell cultures.

  Fig. 9    Requirements for live-cell microarray technology with respect to high- 
content and high-throughput screening       
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