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Figure 22. Schematic presentation of tyrosinase-catalyzed protein A based immobilization of 

antibodies. Before immobilization otherwise inert PMMA surface is treated with oxygen 

plasma and poly(ethyleneimine). Adapted from ref. [22].  

 

5.3.2 Biotinylation 

In biotinylation, the antibody is labeled with biotin, a vitamin H, which can act as an affinity 

tag. Biotin can form near irreversible bond with avidin, which is a glycosylated protein 

capable of binding up to four molecules of biotin. Similarly to avidin, streptavidin is capable 

to bind biotin. The biotin-avidin bond is one of the strongest known non-covalent bonds as 

the Kd value for it is as low as 10-15 [24, 104]. The avidin-biotin bonding enables harsh 

incubation conditions as the bond is unaffected by the pH, temperature, organic solvents, 

enzymatic proteolysis and other denaturing agents [22, 104].  

Biotin is coupled to the antibody through e.g. carboxylic acid groups [24]. The carboxyl 

groups react with the lysine molecules on the antibody molecule. A more controlled coupling 

is done e.g. through disulphide groups [24]. In addition to labeling the antibody with biotin, 

this method also requires the avidin immobilization onto the substrate [104]. An example of 

this is the surface grafting by poly(ethylene glycol) (PEG), to which the avidin is coupled by 

covalent coupling [104]. The chemical and recombinant methods have been used to enhance 

the properties of avidin and streptavidin. This offers e.g. improved stability and more 

controlled biotin binding [25]. NeutrAvidin and NitrAvidin are examples of improved 

molecules.       
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5.3.3 Recombinant proteins with tags 

Recombinant proteins are antibodies, which have been modified genetically. The fabrication 

method enables the attachment of a tag which was originally added for the purification 

purposes [27]. However, the tag also serves as an immobilization site as e.g. Hale et al. [34] 

have shown. During the cloning, the tag is attached to the C-terminal side of the antibody. 

Therefore, the tag is always on the opposite site of the antigen-binding site yielding optimal 

orientation of the antibody. The advantages of the recombinant proteins with affinity tags are 

the compatibility with organic solutions, low immunogenicity, reusability, efficient 

orientation capability and efficacy under native and denaturing conditions [104]. 

An example of the tag is a short amino acid chain, like histidine (His) – tag, which is made up 

of usually six consecutive histidine amino acids (figure 23). The antigen-binding ability of 

Fab fragment is not interfered with His-tag attachment even though multiple tags are attached 

[107]. The efficiency of His-tag is based on the affinity it has towards divalent transition 

metals (e.g. nickel (Ni2+), zinc (Zn2+) and cobalt (Co2+)) in aqueous solutions (figure 23) 

[103]. The imidazole rings on His-tag molecule have the chelating ability of IDA coordinated 

cobalt ions (figure 24). The formed coordination bonds are irreversible [103]. In addition to 

His-tags, cysteine (Cys) –tags are common [24].   

 

 

Figure 23. Histidine6-tag is affinity bonded to IDA-Co chelation system. His6-tag is marked 

with red box. Adapted from ref. [103].  
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Figure 24 summarizes the physical adsorption, covalent coupling and bio-specific 

immobilization and the parts of the antibody which enables the antibody immobilization. A 

good review about the antibody and protein immobilization in general is in [25, 104]. Table 5 

presents the comparison between advantages and disadvantages of different immobilization 

methods. 

 

Figure 24. The antibody structures which enable different immobilization methods. 

Table 5. Comparison of different immobilization methods (Ab denotes antibody). From refs. 

[24, 108].  

IMMOBILIZATION 
METHOD ADVANTAGES DISADVANTAGES 

Adsorption 
Minimal manipulation, No Ab 
modification, Mostly high 
immobilization level 

Random orientation, Ab  denaturation, 
Nonspecific protein binding, Leakage 
of antibody from surface 

Covalent coupling 
Stable immobilization, 
Commercially available 
surfaces 

Random orientation, Ab modification, 
Possible denaturation 

Bio-
specific 

immobiliz
ation 

Antibody-
binding 
proteins 

Oriented immobilization, No 
Ab modification, Mild 
incubation 

Surface stability, Not suitable for 
sandwich assays, Additional processing 
step for antibody-binding protein 
immobilization 

Biotinylation Oriented immobilization, Mild 
incubation  

Ab modification, Additional processing 
step for avidin immobilization  

Affinity tags 
Oriented immobilization, Mild 
incubation, genetic Ab 
engineering 

Surface stability 
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5.4 Fab immobilization and the differences to the immobilization of intact antibodies 

The difference between intact antibody and truncated fragment immobilization is the size and 

the advantages it brings [27, 108]. The Fab fragments are much smaller (only one third of the 

whole antibody structure), which enables denser packing of molecules and thereby higher 

surface loadings on the substrate surface. This improves further the assay sensitivity. The 

smaller size of the fragment also provides faster assay kinetics. In the study of Brockmann et 

al. [27] the Fabs offered 3-folds higher binding capacity, faster kinetics and better detection 

limit of thyroid-stimulating hormone (TSH) compared to the whole monoclonal antibodies 

(0,09 mIU/L TSH and 0,26 mIU/L TSH, respectively). The Fab was 49 kDa in size whereas 

the monoclonal antibody 155 kDa, respectively.  

5.5 Immobilization onto SU-8 substrate  

There are only a few studies concerning the antibody immobilization onto SU-8 surface from 

which none presented immobilization of antibody fragments or recombinant antibodies. Two 

studies, where antigens were immobilized instead of antibodies were found [35, 109].  Table 

6 summarizes the current situation of the antibody immobilization onto SU-8. 
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Table 6. Antibody immobilization onto SU-8.  

ANTIBODY ANTIGEN SURFACE 
MOD. 

IMMOB. 
METHOD 

BLOC
KING OTHER REF. 

Human lgG 
 

FITC-tagged 
goat anti-

human IgG 

- Physical 
adsorption 

BSA 

Only weak 
and random 
fluorescence 

detected. [32] 
Aminosilanization 
(H2SO4+ AEAPS 
+ glutaraldehyde) 

Covalent 
immobilization  

Mouse IgG 

Cy3-
conjugated 
antimouse-

IgG 

Aminosilanization 
(H2SO4 + APTES 
+ glutaraldehyde) 

Biospecific 
binding  

(protein A) 
BSA 

Antigen 
concentration 
of 1,5 ug/ml  

detected. 

[110] 

Alexa Fluor 
647-labeled 

chicken anti-
mouse IgG 

 

- - Covalent 
immobilization - 

Not an 
immobilizatio

n study 
[77] 

Human IgG 
 

FITC-tagged 
goat anti-

HIgG 
 

Carbodiimide 
chemistry 

(NaOH/HCl 
treatment + 

glycine) 

Covalent 
immobilization 

PBSTB 

Glycine was 
the most 
effective, 
physical 

adsorption the 
worst. 

[33] 
Succinimide 

chemistry 
(NaOH/HCl  + 

11-MUA) 

Covalent 
immobilization 

- Physical 
adsorption  

Anti-CRP-
cAb 

and anti-
CRP-Cy5-

dAb1 

- 

Aminosilanization 
(CAN + APTES + 

glutaraldehyde) 

Covalent 
immobilization 

BSA 

Sandwich 
assay: 

LOD2 of 300 
ng/ml CRP 

[31] 
CAN Covalent 

immobilization 

LOD2 of 80 
ng/ml CRP 

- Physical 
adsorption 

LOD2 of 30 
ng/ml CRP 

Human lgG 
 

FITC-tagged 
goat anti-

human IgG 

- Physical 
adsorption BSA 

Only weak 
and random 
fluorescence 

detected [28] 

HWCVD + 
glutaraldehyde 

Covalent 
immobilization  

1 dAb = detector antibody, cAb = capture antibody 
2 LOD = limit of detection 
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6 Materials and methods 

6.1 Fabrication of the SU-8 substrates 

The SU-8 layers were spin-coated on top of a RCA-1 and RCA-2 cleaned, single-side 

polished silicon wafers with a crystal orientation of <100>. The wafers were baked in a 120°C 

oven from 1 to 24 h prior the SU-8 layer fabrication. The fabrication process of all the SU-8 

surfaces applied in the experimental part followed the five-step photolithographic process for 

negative photoresists presented in chapter 3.2: spin-coating (WPB Resist Coating, STANGL), 

soft bake, UV-exposure (MA6/BA6, Süss MicroTec) and post-exposure bake and 

development. The hotplate in the bakes was either programmable (UniTemp GmbH) or 

adjustable, leveled hotplate (Präzitherm). 

6.1.1 Planar SU-8 surface 

Planar SU-8 surfaces of 14.5 µm in thickness were fabricated using spin speed of 9000 rpm 

for 45 s. The layer was first soft baked at 65°C for 5 min and finalized at 95°C for 8 min. UV-

exposure of 5 s was applied. The exposure step was done without the mask (flood-exposure) 

and no development step was needed, because the whole layer had been in contact with the 

UV-light. The layer was finalized with the 8 min PEB at 95°C. The wafer was cut into 1.5 cm 

x 1.5 cm pieces with a diamond pen.  

6.1.2 Nanostructured SU-8 surface 

SU-8 surface was structured with nanopillar features by using a composite stamp of PDMS / 

hard-PDMS (h-PDMS). The mask for the composite stamp was made of black silicon. The 

black silicon master was fabricated in a maskless Deep Reactive Ion Etching (DRIE) process. 

The features from the master were replicated to the composite PDMS stamp in an UV-

embossing process. The black silicon mask fabrication and UV-embossing process are 

reported elsewhere, in [46] and [111], respectively.  

The nanostructured SU-8 surface was 14.5 µm in thickness. Same spin-coating and bake 

parameters were used as with the planar surface (see chapter 6.1.1). The composite stamp was 

placed on top of a SU-8 layer during the soft bake, when the temperature was dropped from 

95°C to 80°C. The stamp was gently pressed with tweezers to get rid of the air bubbles. The 

total time for the stamping process was 10 min. Upon UV-exposure, increased exposure time 

(60 s) was applied compared to the planar surface fabrication (5 s). The increase in exposure 

time both improved the adhesion of SU-8 to underlying silicon and ensured sufficient 
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crosslinking initiation to SU-8 (some of the UV-light is absorbed to the composite PDMS 

stamp). The stamp was removed after PEB, when the temperature reached the room 

temperature (RT). No development step was needed. The scanning electron microscope 

(SEM) image of the nanostructured surface is shown in figure 25. As was with planar surface, 

the wafer was cut into 1.5 cm x 1.5 cm pieces after finishing the fabrication process. 

 

Figure 25. SEM-image of nanostructured SU-8 surface, which resembles grass or forest. 

 

6.1.3 Immunochip design 

Immunochip structure was designed on the basis of our previous research (see chapter 2.4) 

[37]. Triangle patterned microfluidic channels were found to be able to direct the water flow 

to a certain direction with a certain layer thickness and contact angle. The phenomenon is 

discovered when triangles are placed tips towards the proceeding meniscus. The chip 

contained two layers with equal depths. The base layer was planar and the second layer 

contained the channel design. Three different layer thicknesses were used: 14.5; 17.8 and 21.2 

µm. Fabrication parameters for different layer thicknesses are presented in the table 7. At the 

end of the process, SU-8 structures were developed with PGMEA, which was followed by 2-

propanol (IPA) rinsing and nitrogen dry.  

The design of the chip is shown in figure 26. Fabricated channel chip was 1.5 cm in width and 

3 cm in length. In addition to channel, the design consisted four square-shaped inlets from 

which three where positioned on the side and one at the beginning of the channel. The former 

were 0.5 cm x 0.5 cm and the latter was 0.7 cm x 0.7 cm in size. The inlets on the side were 

connected to channel by 1 cm long connection channel, also structured with squares. 

Triangles inside the channel were 80 µm x 20 µm in size. They were placed in rows with 10 

µm distance to the adjacent triangle as a total number of 150 triangles in a row. Three 
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different distances between consecutive rows where used: 17, 20 and 23 µm. Depending on 

the distance, there was a slight variation in the number of consecutive rows. All the inlets 

were structured with a square pattern. One square was 10 µm x 10 µm in size and the distance 

to every direction was 10 µm. In the places where inlets connected to channel, the square 

patterning was continued between triangle structures in order to facilitate the progression of 

the liquid.   

 

Figure 26. Fabricated immunochip structure made of SU-8. Detailed optical microscope 

pictures are presented: the triangle and square structures (magnification of 50) and the 

structure where the inlet connects to the channel structure (magnification of 20). 

 

Table 7. Immunochip fabrication parameters and the channel details (exp. denotes exposure 

and dev. is development). 

THICKNESS SPIN SPEED AND 
TIME SB EXP. PEB DEV. 

14.5 μm 9000 rpm, 45 s 
in 65°C 5 min, 
in 95°C 8 min 

 
5 s in 95° 8 

min ~ 5 min 

17.8 μm  9000 rpm, 36 s 
in 65°C 5 min, 
in 95°C 8 min 

 
5 s in 95° 8 

min ~ 5 min 

21.2 μm 9000 rpm, 30 s 
in 65°C 5 min, 
in 95°C 8 min 

 
5 s in 95° 8 

min ~ 5 min 
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6.2 Surface characterization  

The SU-8 surface was characterized with Attenuated Total Reflection Fourier Transform 

Infrared (ATIR-FTIR) Spectroscopy measurement to ensure there are free epoxy groups, 

which are able to take part in the immobilization process.  

Five different samples (denoted as sample1 to sample5) were fabricated. Sample1 was similar 

to planar SU-8 surface fabricated according to chapter 6.1.1. The samples 2 and 3 were 

fabricated otherwise as planar SU-8 surface but the exposure time was either diminished to 

2.5 s (sample2) or increased to 20 s (sample3) from normal 5 s (sample1). The other two 

remaining samples (samples 4 and 5) were fabricated with either diminished PEB time of 4 

min (sample4) or increased PEB time of 20 min (sample5). The longer exposure time is 

supposed to diminish the number of free epoxy groups, because of more effective cross-

linking process [30]. With different PEB samples, no changes in the amount of free epoxy 

groups should take place as the change in PEB time within all of the samples is somewhat 

moderate. The amount of free epoxy groups per SU-8 monomer can be estimated by 

calculating the ratio of peak heights of wavelengths ~ 914 cm-1 and ~ 1608 cm-1 [30]. The 

former is the vibration of epoxy ring and the latter indicates the stretching of the benzene.  

The measurements were done with Unicam MATTSON 3000 FTIR spectrometer and PIKE 

Technologies GladiATR® equipment with a diamond crystal, at Laboratory of Polymer 

Technology, in Otaniemi. The analysis program was EZ OMNIC. The samples were placed 

upside down, SU-8 coated side towards the diamond crystal. 

6.3 Antibody-antigen model system 

For the immobilization studies the anti-mycophenolic acid (α-MPA) antibody F5 in PBS 

buffer and its antigen mycophenolic acid (MPA) as an alkaline phosphatase (AP) conjugate 

were chosen. Antibody has a His6-tag at the opposite site to the antigen binding site, which 

enables the oriented immobilization. Antigen is composed of four MPA molecules conjugated 

to one AP enzyme. The conjugation degree has been checked with mass spectrometer. 

Negative controls were unconjugated AP enzymes. Both the antigen and antibody were 

provided by collaborates at VTT.  

In the previous experiments this antigen-antibody pair has been shown to be suitable model 

system for various applications. Antibody has reasonable affinity for immobilization studies 

(100-200 nM) and the conjugation of the antigen to the detection enzyme (AP) directly makes 

possible the one step assay development and the signal is efficiently amplified. 
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6.4 System set-up for immobilization studies 

Before starting the actual comparison tests with random and oriented immobilization studies, 

three different approaches for the immobilization step were designed: PDMS stamp, 

immersion of the SU-8 sample to the protein solution and droplet-based immobilization 

(figure 27). In PDMS stamp approach, the SU-8 surface was covered with 7 mm thick PDMS 

stamp with a hole in the middle (figure 29). PDMS (Sylgard® 184, Dow Corning) stamp was 

fabricated by mixing resin material and curing agent in a ratio of 10:1 in a Petri dish. A short 

vacuum treatment removed the air bubbles, which were formed during the mixing procedure. 

The stamp was finalized with 55°C oven treatment for overnight (o/n). The hole, 7 mm in 

diameter, was made by hulpiber. The purpose of the hole was to define the area under 

immobilization. PDMS stamp was removed before the detection step.   

 

Figure 27. Different immobilization approaches utilized in the preliminary tests for SU-8: 

PDMS stamp, SU-8 piece immersion to protein solution and droplet-based immobilization.  

 

The second approach comprised the immersion of the whole SU-8 piece to the protein 

solution. The whole area was therefore in contact with the protein solution. SU-8 pieces were 

turned upside down and sunk to the solution. As a highly hydrophobic surface the SU-8 

pieces will float on the liquid without turning upside down. The few formed bubbles were 

removed by gently knocking the pieces with tweezers. In droplet-based approach, the protein 

solution was incubated onto SU-8 surface. The hydrophobic surface of SU-8 enables precise 

droplet formation.  
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6.5 α-MPA Fab F5 immobilization onto SU-8 surface 

The immobilization studies both in random and oriented way were performed with 1.5 cm x 

1.5 cm SU-8 pieces (area 2,3 cm2), which were incubated in a lidded 6-well plate template 

having a wet paper in the lid. Assay conditions were adapted from routine immunoassay in 

microtiter plate for polystyrene. Between all the steps, the SU-8 pieces were rinsed three 

times in 2 ml of double-distilled water (DDIW). Rinsing was performed without incubation 

time.  

6.5.1 Random immobilization 

Random and covalent immobilization occurs between the lysine residue on the surface of the 

recombinant antibody fragment and the free epoxy group on SU-8 surface. The abundance of 

lysine residues leads to the random placement of the antigen-binding sites, which are either 

active, partly active or inactive as presented in figure 28.  

40 µg of α-MPA Fab F5 in phosphate buffered saline (PBS) was manually spotted at a 

volume of 100 µl per drop onto pieces of SU-8. Droplet was placed in the middle of SU-8 

piece and incubated o/n at room temperature (RT) in moisturized chamber. Free epoxy groups 

were blocked with blocking reagent, 1% bovine serum albumin (BSA, Sigma-Aldrich Co, 

USA) in 0,1 M sodium carbonate buffer (pH 9.6). SU-8 pieces were embedded in 2 ml of 

BSA blocking solution and incubated for two hours in RT with continuous shaking 

movement. 1.3 µg of MPA-AP in Tris-buffered saline (TBS) was spotted at a volume of 50 µl 

in the middle of the each SU-8 piece and incubated for one hour in RT. The principle of 

random immobilization is presented in figure 28.  

 

Figure 28. The principle of random immobilization in this thesis. The His6-tagged antibody 

fragments are immobilized via lysine residues onto the free epoxy groups at the SU-8 surface.  
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4-Nitrophenyl phosphate disodium salt hexahydrate (PNPP, Sigma-Aldrich, USA) substrate 

in Diethanolamine MgMl2 – buffer (Reagena-buffer, Reagena, Finland) in a concentration of 

2 mg/ml was applied for the detection. A droplet of 150 µl of aforementioned solution was 

placed in the middle of the SU-8 piece and was left to incubate for 51 min. A 100 µl of the 

incubated solution was transferred to the microtiter plate to measure the color change with 

absorbance using wavelength of 405 cm-1 (analysis program: Varioskan).  

6.5.2 Oriented immobilization  

In the oriented immobilization, the antibody is coupled to SU-8 surface through a chelation. 

Iminodiacetic acid (IDA) – cobalt (Co) system anchors the His6-tagged recombinant antibody 

fragments onto SU-8 surface by forming a bond between the Co-atom and histidines in the 

His6-tag. The system is chelated and made extremely stabile by increasing the oxidation state 

of cobalt from +II to +III in an oxidation step. This irreversible complex orients all the 

antigen-binding sites towards the liquid phase. Immobilization principle was based on the 

study of Hale et al. [34].  

Oriented immobilization process started by fabrication of 1 M IDA solution. First, 100 nM 

sodium borate (Na2B4O7) solution was made by mixing 3.8 g of Na2B4O7 (Sigma-Aldrich, 

USA) to 100 ml of MilliQ-water (QPak, Millipore). Solution was stirred with magnetic stirrer 

in RT until all the sodium borate was dissolved. Next, 5.4 g of IDA (Sigma-Aldrich, USA) 

was stirred with 40 ml of 100 nM sodium borate solution. Before heating few milliliters of 5 

M sodium hydroxide (NaOH) was pipetted to the solution. The temperature was adjusted to 

50°C and stirring was continued until the solution cleared. The pH was measured (Knick pH-

Meter 761 Calimatic) and adjusted to required 8.50 with 5 M NaOH.  

Each SU-8 piece was embedded in 2 ml of IDA solution. The pieces were placed SU-8 

surface downwards to avoid the floating caused by the hydrophobic SU-8 coating on top of 

the silicon. Possible air bubbles between the base of 6-well plate template and SU-8 surface 

were eliminated by gently knocking the SU-8 piece with tweezers. The pieces were incubated 

in 1 M IDA o/n with continuous shaking movement in RT.  

Next the SU-8 surfaces were treated with cobalt. First, MilliQ-H2O was filtered in a side-

armed Erlenmeyer flask with a HVLP 0.45 µm membrane. The process was done in the 

vacuum by adjusting the compressed air flow on. After filtering the bottled water was treated 

with helium gas (He). The He-treatment of 250 ml of filtered water took 5 min. The water 

was treated with helium in order to maintain the oxidation state of cobalt during the antibody 

fragment immobilization. Next, cobalt(II)-chlorid-hexahydrat (CoCl2· 6 H2O, Merck Oy, 
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Finland) was dissolved in degassed DDIW in a concentration of 100 mg/ml. Because CoCl2 is 

poisonous, it was weighted in a hooded scale and dissolved to MilliQ-H2O immediately after 

scaling. The piece was embedded and incubated in a 2 ml of cobalt solution in continuous 

shaking movement for one hour in RT. 40 µg of α-MPA Fab F5 in PBS was manually spotted 

at a volume of 100 µl per drop onto pieces of SU-8 and incubated o/n in RT.   

After antibody immobilization cobalt was oxidized from oxidation state of +II to +III. 30 % 

hydrogen peroxide (H2O2, Sigma Aldrich, Finland) was diluted in DDIW in a ratio of 1:1000. 

A droplet of 150 µl of aforementioned solution was placed in the middle of the SU-8 piece 

and left to incubate for 1.5 h in RT. SU-8 pieces were embedded in 2 ml of BSA blocking 

solution and incubated for two hours in RT with continuous shaking movement. 1.3 µg of 

MPA-AP in TBS was spotted at a volume of 50 µl in the middle of each SU-8 piece and 

incubated for one hour in RT. Detection step was done as in random immobilization. The 

principle of oriented immobilization is illustrated in figure 29.  

 

Figure 29. The principle of oriented immobilization in this thesis. The His6-tagged antibody 

fragments are immobilized via IDA-Co -system onto the free epoxy groups at the SU-8 

surface. 

6.6 Immobilization parameter studies 

Immobilization procedures were optimized by means of antibody incubation time, antigen 

concentration, different incubation buffers in the antibody immobilization, pH (only for 

random immobilization), surface modification (both surface patterning and plasma oxidation 

treatment) and storing stability of the immobilized antibody as well as the substrate. All the 
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studies were performed with two or three parallel samples and the results were reported as a 

mean value of these separate results. Statistical analysis was performed to study the 

significance of the results. Significance was evaluated by Student’s t-test, and the level of 

significance was set as P < 0.05.   

6.6.1 Incubation time  

The effect of the incubation time to the immobilization efficiency was studied in five different 

time points: 10 min, 30 min, 2 h, 4 h and o/n. Control sample was chosen to be o/n incubation 

as it is known to be sufficient time for the immobilization reaction if the immobilization is 

possible in general.  

6.6.2 Amount of antigen 

The sensitivity of SU-8 immobilization system was tested by diluting the antigen solution by 

1x TBS. The starting point for the dilution series was 1:1 dilution (c = 0.025 mg/ml), which 

contained 1.27 µg of antigen on the SU-8 surface. The used dilutions were 1:1, 1:2, 1:5, 1:10, 

1:20 and 1:100. Control sample was the dilution of 1:1.  

6.6.3 Serum vs buffer 

To demonstrate the feasibility of SU-8 surface for the analysis of pure biological samples, the 

antibody immobilizations were carried out with the human serum in addition to 1x PBS 

solution. Random and oriented immobilizations were done as mentioned in the chapter 6.5, 

but in addition to mixing the antibody to 100 µl in PBS, mixing with 100 µl in human serum 

was applied. Also the effect of incubation time was studied using o/n and 10 min time points. 

Control sample was buffer based immobilization with o/n incubation time.  

6.6.4 pH in immobilization 

The effect of pH was studied by using PBS solutions, which differed in pH, in random 

immobilization. The antibody immobilization pH in random immobilization is near pH 7 (pH 

of 1x PBS solution) whereas the pH in oriented immobilization is near pH 8.50 (IDA-Co 

chelation changes the surface pH). The adjustment of the pH was done with 5M NaOH 

solution. First a 300 ml of 1x PBS solution was prepared with measured pH of 7.24. By 

removing 100 ml of PBS solution of pH 7.24 and adding 3 droplets of 5M NaOH with a 

Pasteur – pipette the pH value was adjusted to 8.05. Again 100 ml of PBS solution was 

removed and additional 1 droplet of 5M NaOH added. The solution pH was 9.93. Antibody 
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was mixed to 100 µl in each of the prepared PBS solutions. Control sample was PBS solution 

with pH 7.24.  

6.6.5 Surface modification of SU-8  

The effect of surface wetting was studied by treating the SU-8 surface with oxygen plasma by 

Reactive Ion Etching (RIE) before taking the pieces out of the cleanroom environment. 

Oxygen plasma renders SU-8 surface more hydrophilic [80]. Etching conditions were chosen 

according to our earlier research (power 100, pressure 150) [37]. The SU-8 surface was RIE-

treated for 5 s and 60 s. The contact angle was measured immediately after the RIE-treatment. 

Control sample was SU-8 surface, which was not treated with RIE.  

The effect of surface structuring on immobilization efficiency was studied by applying 

nanostructured SU-8 surfaces which were fabricated according to chapter 6.1.2 as the 

immobilization support. Control sample was planar surface. Also the combined effect of RIE-

treatment and nanostructuring on immobilization efficiency was studied. The RIE-treatment 

parameters were otherwise the same as mentioned above, but only the treatment time of 5 s 

was used. Control sample was planar SU-8 surface, which was not treated with RIE. 

6.6.6 Storage stability of immobilized antibody  

The storage stability of immobilized antibody in both wet and dry conditions was studied. The 

immobilization procedures were done according to the instructions in chapter 6.5 until the 

antigen incubation step.  The wet storing was done by embedding the SU-8 samples in 2 ml of 

TBS and by keeping the wet paper in the lid of the 6-well plate template. The plate was sealed 

with paraffin in order to keep the well moisturized environment in the plate. The dry stored 

samples were in a lidded 6-well plate without TBS solution and wet paper. The 

immobilization procedures were continued normally after one day or one week storing time 

depending on the test. 

6.6.7 Storage stability of SU-8  

In substrate storage stability studies, the SU-8 coated wafers were fabricated as normal, but 

after finishing the process, they were stored in cleanroom conditions for 1, 2, 3 or 4 weeks. 

Control wafers were fabricated on the day the studies were started.   
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6.6.8 Simultaneous comparison of random and oriented immobilizations  

The immobilization efficiency between random and oriented immobilizations was evaluated 

by comparing the immobilization results from previously described parameter studies 

(chapters 6.6.1 - 6.6.3 and 6.6.5 - 6.6.7). Only results from the studies, which were identical 

in terms of reagents (prepared at the same time) and SU-8 substrates (from the same wafer) 

for both immobilizations, were included in the analysis. Table 8 presents the included studies. 

 

Table 8. Immobilization studies, which were included in the immobilization efficiency 

comparison studies between random and oriented immobilizations.    

PARAMETER CHANGES 

Incubation time 10 min, 2h, o/n 

Amount of antigen Dilutions 1:1, 1:2, 1:5, 1:10, 1:20, 1:100 

Serum vs buffer 
Serum vs PBS;  

Serum vs PBS with incubation times of 10 min and o/n  

Surface modification 
Oxygen plasma treatment for 5 s or 60 s;  

Nanostucturing and oxygen plasma treatment for 5 s 

Antibody stability over time Wet and dry storing for 1 week  

SU-8 stability over time Storing at cleanroom for 1, 2, 3 and 4 weeks 

 

The immobilizations were also compared by the remaining antibody - antigen stability after 

successful antibody immobilization study. After the substrate reaction, the SU-8 samples were 

again embedded in 2 ml of TBS for o/n in RT. A wet paper was kept in the lid of the 6-well 

plate template. Next day the SU-8 samples were transferred to a new well and a new substrate 

was placed on top of a SU-8 piece and the absorbance of the remaining antibody –antigen 

complex measured. The absorbance measurement was repeated. The substrate incubation in 

addition to absorbance was again repeated after a new antigen immobilization was made, but 

this time incubated with the BSA blocking solution.  
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Table 10. Number of free epoxy groups per SU-8 monomer.  

SAMPLE 

(exposure + PEB time) 

PEAK 
HEIGHT AT 

914 cm-1 

PEAK 
HEIGHT AT 

1608 cm-1 

RATIO 
(I) 

NUMBER OF 
FREE EPOXY 

GROUPS PER SU-8 
MONOMER 

SAMPLE1 (5s + 8 min) 8 11 0,73 1,5 

SAMPLE2 (2.5s + 8min) 8 4 2,0 4 

SAMPLE3 (20s + 8min) 4,5 6 0,75 1,5 

SAMPLE4 (5s + 4min) 8 10 0,8 1,6 

SAMPLE5 (5s + 20min) 6 6 1,0 2 

 

ATIR-FTIR -results with the different exposure times (sample1: 5 s; sample2: 2.5 s; sample3: 

20 s) were in accordance with the previous study [30]. The results indicate the shorter exposure 

time leaves greater amount of free epoxy groups onto SU-8 surface. Also the results obtained 

with the different PEB times (sample1: 8 min, sample4: 4 min, sample5: 20 min) were logical. 

The somewhat higher PEB time as was with sample5 is not long enough to eliminate the epoxy 

groups from the SU-8 surface. According to the previous study [30], the PEB time should have 

been around 2 h and the baking temperature close to 150ºC in order to PEB to eliminate the 

epoxy groups from the SU-8. As can be seen from the spectra (figure 31 and appendix A), all of 

our samples still have the peak for epoxy group, indicating all of them could serve as a reactive 

site for the covalent attachment of different molecules, e.g. antibodies.  

7.2 System-setup study results 

Three different approaches for immobilization step were evaluated before starting the actual 

study: PDMS stamp, immersion of the SU-8 sample to the protein solution and the droplet-

based immobilization. The PDMS stamp was rejected due to weak adhesion between PDMS 

and SU-8. The weak adhesion allows the reagents to leak outside the defined area. This could 

lead to ineffective blocking or antibody / antigen immobilization, which would have been 

shown as a false positive result. PDMS is also known to have tendency to absorb proteins [78]. 

The amount of absorbed protein to stamp material is difficult to determine.  

Also the immersion approach was rejected as it consumed high amounts of expensive reagents. 

The effective immersion demands at least 2 ml of reagent, which is 20 times higher 
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consumption compared to the droplet-based approach, where only 100 µl is needed. In addition, 

the immersion requires equal sized SU-8 pieces to have comparable immobilization area 

between parallel samples. Referring to the reasons explained above, the droplet-based approach 

was chosen for this preliminary immobilization study.  

7.3 Immobilization tests 

7.3.1 Incubation time 

As can be concluded by the nature of oriented immobilization, it should not be or be only 

minimally affected by the diminishing incubation time. The results presented in figures 32-34 

(four separate studies) confirm this trend. The IDA-Co chelation system has high affinity 

enough for His6-tagged Fab molecules to make the immobilization occur almost instantly after 

the contact with the antibody solution. The response in 10 min incubations was on average 0.82 

± 0.15 (mean and standard deviation from all of the studies) and in o/n incubations 0.86 ± 0.13, 

respectively. The responses in 10 min and o/n incubations did not differ either within (first 

study: t2 = -1.6, P = 0.243, second study: t2 = -0.3, P = 0.778, third study: t2 = 0.5, P = 0.674 

and fourth study: t3 = 0.2, P = 0.881) or between the studies (t5 = -0.6, P = 0.567). T-test syntax 

and an example of the result output are presented in appendix B.  

 

Figure 32. Decrease in incubation time had effect only on the immobilization efficiency in 

random immobilization. Boxplot: the edges of the box are upper and lower quartiles, whiskers 

are minimum and maximum values and the median is a line inside the box. (SU-8 pieces from 

different wafers). 
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Figure 33. Immobilization efficiency in the random immobilization differed significantly 

between the longest and shortest incubation times whereas there was no difference in the 

oriented immobilization. (SU-8 pieces from the same wafer). 

Figure 34. Repeated comparison tests between 10 min and o/n incubations in oriented 

immobilization were in line with the previous results. Instead in the random immobilization the 

10 min incubation time should have given substantially lower responses compared to the o/n 

incubation. (SU-8 pieces from the same wafer). 

 



68 
 

In the first and second random immobilization studies (figures 32 and 33, respectively), the 

immobilization efficiency decreased by almost 40 %, when 10 min and o/n incubations were 

compared. In the first study, 10 min incubation response was 1.33 ± 0.30 and o/n response 2.27 

± 0.03, respectively. Similarly in the second study, the response in 10 min incubation was 1.17 

± 0.21 and in o/n 1.84 ± 0.29, respectively. In both studies, the difference between 10 min and 

o/n incubations was significant (first study: t2 = -5.1, P = 0.036, second study: t4 = -3.2, P = 

0.038). However, in the last study set, where only 10 min and o/n incubations were compared to 

each other repeatedly (figure 34), no significant difference was observed. The response in the 

first repetition study for 10 min incubation was 0.72 ± 0.54 and for o/n 0.80 ± 0.13, 

respectively. Similarly in the second repeated study, the response in 10 min incubation was 0.97 

± 0.45 and in o/n 0.97 ± 0.27, respectively. Moreover, the variation in the responses in random 

immobilization both between and within the different studies was considerable. Variation was 

especially high within the 10 min incubations. Furthermore, the responses in 10 min incubations 

were surprisingly high in random immobilization.    

7.3.2 Amount of antigen 

The minimum usable concentration of antigen was determined by diluting the originally used 

antigen / TBS solution (c = 0.025 mg/ml). The first study set (figure 35) was made with 

dilutions 1:1, 1:10 and 1:100 and the second set (figure 36) with dilutions 1:1, 1:2, 1:5, 1:10 and 

1:20. As can be seen from the figure 35, the chosen dilutions in the first set were too dilute and 

only low responses were obtained. Also with the second set similar characteristics were seen. 

There was a notable change in the slope of the dilution series curve already with dilution 1:2. 

Therefore, regarding the preliminary testing phase, the antigen concentration should not be 

changed from 0.025 mg/ml.  
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Figure 35. First dilution series offered a too fast decrease in the immobilization efficiency. (SU-

8 pieces from the same wafer).  

 

 

Figure 36. Already dilution 1:2 caused a notable change in the slope of dilution curve. (SU-8 

pieces from the same wafer). 
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7.3.3 Serum vs buffer 

Serum is a biological liquid, which contains lots of different molecules, like electrolytes and 

proteins, which can interfere the random immobilization whereas the oriented immobilization as 

a high affinity reaction should not be disturbed by the serum molecules. As can be seen from 

figure 37, the results in both immobilizations were as expected. In oriented immobilization, the 

response in buffer incubation was 0.68 ± 0.09 and in serum 0.60 ± 0.25, respectively, and no 

statistically significant difference was observed (t2 = 0.5, P = 0.655). In contrast, in random 

immobilization, the response within the serum incubation was almost 50 % smaller compared to 

the buffer incubation response (buffer: 1.10 ± 0.18, serum: 0.59 ± 0.10) causing statistically 

significant difference (t3 = 4.4, P = 0.019).    

Figure 37. Choice of dissolving agent had significant effect on the random immobilization 

whereas the oriented immobilization was not affected. (SU-8 pieces from the same wafer).  

 

In order to confirm the result, the buffer and serum immobilization study was repeated by 

applying 10 min and o/n antibody incubation times (study conducted twice). Again, the oriented 

immobilization should not be affected whereas the random immobilization should give lower 

responses in serum immobilization and when using shorter incubation time. As can be seen 

from the figure 38, the previously obtained result from the oriented immobilization was able to 

be repeated. In the first study, the responses in oriented immobilization did not differ either in 

10 min (buffer: 0.93 ± 0.18 and serum 0.66 ± 0.28; t3 = 1.4, P = 0.243) or in o/n incubations 
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(buffer 0.88 ± 0.04 and serum 0.83 ± 0.02; t2 = 2.4, P = 0.109). A similar result was observed 

from the second study (10 min incubation in buffer: 0.78 ± 0.18 and in serum: 0.66 ± 0.28; t3 = 

0.6, P = 0.576; o/n incubation in buffer: 0.76 ± 0.12 and in serum: 0.83 ± 0.02; t2 = -1.0, P = 

0.421). These results suggest that the choice of dissolving agent do not have an effect on the 

oriented immobilization even though the incubation time is diminished from o/n to 10 min.  

On contrary, in random immobilization, the combined study of incubation time and the choice 

of buffer did not confirm the previously obtained result. According to figure 38 (right panel, 

test2), it seems, that the shorter incubation time and serum as a dissolving agent would be more 

efficient compared to the o/n incubation and buffer as a dissolving agent. The result is not 

logical and more studies are needed. In the first study (test1), the response in 10 min incubation 

in buffer was 0.72 ± 0.54 and in serum 0.48 ± 0.16. The response in o/n incubation in buffer was 

0.80 ± 0.13 and in serum: 0.73 ± 0.04. Similarly in the second study (test2), the response in 10 

min incubation in buffer was 0.97 ± 0.46 and in serum 1.03 ± 0.21. The response in o/n 

incubation in buffer was 0.97 ± 0.27 and in serum: 0.63 ± 0.16. In both studies, the difference 

between buffer and serum was not statistically significant (first study (test1): 10 min incubation 

t2 = 0.8, P = 0.518 and o/n incubation t2 = 0.9, P = 0.466; second study (test2): 10 min 

incubation t2 = -0.2, P = 0.851 and o/n incubation t3 = 1.8, P = 0.160).  

Figure 38. Decrease in incubation time or the choice of the dissolving agent did not have an 

effect on the oriented immobilization whereas the results obtained with the random 

immobilization were not logical as the serum and shorter incubation time seemed to give better 

responses. (Both between and within the studies:  SU-8 pieces from the same wafer).  
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7.3.4 The effect of pH 

The effect of immobilization pH was studied as the random immobilization was executed in a 

lower pH than oriented immobilization. The IDA-Co –treatment in oriented immobilization 

increased the surface pH to near 8.50 whereas the pH in random immobilization was the 

physiological pH (PBS as the immobilization buffer). The results shown in figure 39 indicate 

that the buffer pH had only a minimal effect on the immobilization responses in random 

immobilization (pH 7.24: 0.69 ± 0.12, pH 8.05: 0.72 ± 0.15 and pH 9.93: 0.71 ± 0.14).  The 

results in oriented and random immobilizations are therefore comparable at least by the 

immobilization pH.  

Figure 39. Buffer pH did not have an effect on the immobilization efficiency in random 

immobilization.  

 

7.3.5 Surface modification: nanostructuring and plasma oxidation  

The oxygen plasma treatment of the immobilization substrate by RIE is known to increase the 

immobilization efficiency due to higher surface roughness and activation of functional groups 

[22]. Similar tendency is presupposed to happen with SU-8 surface. Figure 40 presents the 

results.  

In the oriented immobilization, the response in 5 s RIE-treatment was 1.0 ± 0.06, in 60 s RIE 

0.84 ± 0.23 and in control sample 0.67 ± 0.35, respectively. The difference between 5 s RIE-
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treatment and control sample was not significant (t1 = 1.3, P = 0.413), however, this is mainly 

explained by the high variation between the separate samples in the control group (absorbance 

in separate samples were 0.92 and 0.42). In random immobilization, the response in 5 s RIE-

treatment was 1.48 ± 0.10, in 60 s RIE 1.4 ± 0.06 and in control sample 0.88 ± 0.07, 

respectively. The 5 s RIE-treated surface gave almost 45 % higher response compared to the 

surface where no modification was applied. This yielded a significant difference (t1 = 7.0, P = 

0.026). In both immobilizations, the longer RIE-treatment did not improve the immobilization 

efficiency, but instead decreased the responses. Thereby a shorter treatment time should be 

used. When considering these results, it needs to be remembered that the effective 

immobilization area was not similar between RIE-treated and control samples as the RIE-

treatment lowers the contact angle. Therefore the droplet spread to a larger surface area within 

the RIE-treated samples.  

 

Figure 40. Plasma oxidation treatment improved the immobilization efficiency in both the 

random and oriented immobilizations, even though the difference was significant only in the 

random immobilization. The shorter treatment time of 5 s influenced the results more. (RIE 

denotes reactive ion etching; SU-8 pieces from the same wafer). 

 

The result from the nanostructure modification study is shown in figure 41. As could be 

expected, the higher surface area offered more immobilization sites and therefore more efficient 

immobilization in both immobilizations. The response in oriented immobilization for 

nanostructured SU-8 surface was 0.97 ± 0.13 and for planar surface 0.39 ± 0.06, respectively. 
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Similarly in random immobilization the result for nanostructured SU-8 surface was 1.34 ± 0.04 

and for planar surface 0.73 ± 0.32, respectively. The immobilization with nanostructured SU-8 

was 59 % higher in oriented and 45 % in random immobilization compared to the planar SU-8. 

The difference was significant in both immobilizations (oriented immobilization: t2 = 7.2, P = 

0.007, random immobilization: t2 = 3.2, P = 0.082).  

 

Figure 41. Surface modification either through plasma oxidation or nanostructuring caused 

improvements in the immobilization efficiency, but only in nanostructuring, in both 

immobilizations and in plasma oxidation, in random immobilization the differences were 

significant compared to their controls. (SU-8 pieces from the same wafer).  

 

To obtain similar efficient immobilization area in both the nanostructured and the planar 

surfaces, an additional RIE-treatment was applied. The hydrophobicity of the SU-8 surface is 

higher within the nanostructured SU-8 surface compared to the planar SU-8. Therefore, the 

droplet spreads to a much smaller area within the nanostructured surface compared to the planar 

surface. Results from this study are presented in figure 41.  

In oriented immobilization, the response in nanostructured and RIE-treated incubation was 0.52 

± 0.26 and in simple RIE-treated 0.50 ± 0.10, which did not give a significant difference 

between results (t2 = 0.1, P = 0.910). In contrast, in random immobilization the response within 

the combined surface modification incubation was almost 64 % higher compared to the sample 

without nanostructures (nanostructured and RIE-treated: 2.34 ± 0.52, simple RIE-treated: 0.84 ± 
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0.26) causing statistically significant difference (t3 = 4.4, P = 0.022). Surprisingly, the 

difference between planar SU-8 and simple RIE-treated SU-8, was not observed in neither of 

the immobilizations (in oriented immobilization in planar: 0.39 ± 0.06 and in RIE-treated: 0.50 

± 0.10 and in random immobilization in planar: 0.73 ± 0.32 and RIE-treated: 0.84 ± 0.26). This 

is not in line with the above presented results for RIE-treatment. 

7.3.6 Storage stability of immobilized antibody 

The results from the one week storage stability study indicate that the efficiency of the antibody 

is preserved regardless of the storing conditions (wet or dry, figure 42). Storing in dry 

conditions reduced the responses only by 7 % in oriented and by 17 % in random 

immobilization compared to the wet conditions (in oriented immobilization, dry condition: 0.60 

± 0.13 and wet condition: 0.56 ± 0.17 and in random immobilization, dry condition: 0.67 ± 0.12 

and wet condition: 0.81 ± 0.09). The difference was not significant in either of the 

immobilizations (in oriented immobilization: t3 = 0.3, P = 0.799 and in random immobilization: 

t3 = -1.6, P = 0.181). Thus, the efficiency of immobilized antibody is maintained in dry 

conditions at least when storing is within the one week period. The results from the o/n storing 

study (dry and wet conditions) were excluded from this thesis due to technical difficulties in 

maintaining the dry conditions. The wet paper was forgotten to be taken away from the lid of 

the microtiter plate.  

 

Figure 42. Immobilized antibody maintained its efficiency both in wet and dry storing 

conditions when one week storing was applied. (SU-8 pieces from the same wafer).   
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7.3.7 Storage stability of SU-8  

In order to find out whether or not the SU-8 surface is able to maintain its storage stability after 

fabrication and thereby the immobilization efficiency, if no surface treatments are applied and 

the storing is made in a normal cleanroom conditions, two sets of storage stability studies were 

executed. The first set included 1 and 2 weeks, and the second set 3 and 4 weeks storing times 

in addition of a freshly fabricated control surface. The results from SU-8 stability studies are 

presented in figure 43.  

In oriented immobilization, the response in 1 week storing was 0.78 ± 0.02, in 2 weeks 0.58 ± 

0.18 and in control sample 0.67 ± 0.36, respectively. Similarly, the response in 3 weeks storing 

was 0.99 ± 0.27, in 4 weeks 0.78 ± 0.06 and in their control sample 0.75 ± 0.04, respectively. 

Neither of the storing times differed significantly from their control samples (in 1 and 2 week 

study, 1 week storing time: t1 = -0.4, P = 0.738 and 2 weeks storing time: t1 = 0.3, P = 0.783; in 

3 and 4 week study, 3 weeks storing time: t1 = -1.3 , P = 0.418  and 4 weeks storing time: t1 = -

0.7 , P =0.584).  

In random immobilization, the response in 1 week storing was 1.43 ± 0.23, in 2 weeks 1.39 ± 

0.48 and in control sample 0.88 ± 0.07, respectively. Similarly, the response in 3 weeks storing 

was 1.02 ± 0.26, in 4 weeks 1.44 ± 0.10 and in their control sample 1.28 ± 0.17, respectively. As 

was with oriented immobilization, also in random immobilization the different storing times did 

not give significant difference compared to their control samples (in 1 and 2 week study, 1 week 

storing time: t1 = -3.2, P = 0.164 and 2 weeks storing time: t1 = -1.5, P = 0.369; in 3 and 4 week 

study, 3 weeks storing time: t1 = 1.2, P = 0.375 and 4 weeks storing time: t1 = -1.2, P = 0.371).  

Even though no statistical significance was observed between the different storing times, the 

slight variation in the mean values of the results would suggest that the immobilization studies 

at this preliminary stage should only be done onto the freshly fabricated SU-8 surface in order 

to be sure the difference in results is caused by the parameter under observation and not by the 

SU-8 surface.    
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Figure 43. Storing of SU-8 surface did not cause a significant difference between the 

immobilization results at least during four weeks period. (Within the study: SU-8 pieces from 

the same wafer and between the studies: SU-8 pieces from different wafers).  

 

7.4 Comparison of random and oriented immobilizations 

A total of 13 comparison studies of random and oriented immobilization studies were included 

in this thesis. The immobilizations were compared if the SU-8 pieces were from the same wafer 

and all the reagents were made at the same time. In 84.6 % of comparison studies, random 

immobilization gave higher responses compared to the oriented immobilization. Interestingly, in 

53.8 % of those, the random immobilization was over 30 % better than the oriented 

immobilization. The result is quite unexpected as the random, covalent immobilization is 

affected by many more variables compared to the oriented immobilization. Results are 

presented in appendix C.  

However, during the oriented immobilization studies, IDA solution was not prepared for 

purpose but beforehand to speed up the testing. A comparison test of fresh and aged (72 days 

old) IDA solution showed that there is a clear impact on the immobilization efficiency as the old 

solution gave almost 40 % smaller responses compared to the fresh solution. The average 

response for the fresh IDA solution was 0.79 ± 0.18 and for the old IDA solution 0.48 ± 0.09, 

respectively. Due to this difference, a correction factor was calculated for all of the studies were 

old IDA solution was used. The correction coefficient was calculated according to equation (14) 
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  d =  
1-MEANold
MEANnew

72
 = 0,0054  (14) 

 

where MEANold was the mean value for the old IDA solution and MEANnew for the new IDA 

solution. As the obsolescence process can be considered to be a linear process, the correction 

coefficient was multiplied by the number of days the IDA solution was older than the freshly 

made (therefore a maximum value for multiplying is 72). Despite the correction, only in one 

case the situation changed in favor of the oriented immobilization (results not shown).  

Secondly, the proper functioning of IDA-cobalt chelation system was tested. If the chelation 

does not take place, all the oriented immobilizations on SU-8 surface would be random 

immobilizations. To verify the proper functioning, a study with an additional blocking step was 

conducted. In oriented immobilization, the additional blocking step was made after the cobalt 

incubation and in random immobilization before the antibody incubation. In oriented 

immobilization, this excess blocking step should not have any effect on the responses whereas 

in random immobilization a notable decrease should take place, because there is no functional 

group for the antibody to couple with. Control samples were normal oriented and random 

immobilizations described in the chapter 6.5 and samples with excess BSA-blocking, but with 

wrong antigen (AP).  

As can be seen from figure 44, the excess blocking step does not have an effect on the response 

obtained in the oriented immobilization (normal oriented immobilization: 0.58 ± 0.05, 

immobilization with two BSA-blockings: 0.54 ± 0.05), which indicates that the IDA-cobalt 

chelation system is working correctly. On contrary, in random immobilization, there is a 55 % 

decrease in immobilization efficiency if the excess blocking step takes place (normal random 

immobilization: 1.59 ± 0.11, immobilization with two BSA-blockings: 0.72 ± 0.14). In both 

immobilizations, the negative controls are working correctly and have only background 

absorbance from the SU-8 surface (oriented immobilization: 0.08 ± 0.00, random 

immobilization: 0.09 ± 0.00). Therefore, neither of the two potential reasons presented here 

explains the superiority of the random immobilization. 
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Figure 44. Number of BSA blocking steps had effect only on random immobilization, which 

suggests both the blocking and IDA-Co chelation steps are working correctly within the 

immobilizations presented in this thesis.   

 

In addition to comparing the responses obtained from the different studies, the immobilization 

methods were also compared in terms of remaining antibody –antigen complex stability after 

o/n TBS-treatment. The few conducted studies are presented in appendix D. According to the 

results, it seems, the o/n TBS treatment has equally impaired the antibody-antigen stability in 

both immobilizations when a new substrate was placed. In random immobilization, only on 

average 39.7 % of the obtained absorbance was remained after o/n TBS treatment. In oriented 

immobilization, the same was 37.2 %, respectively. Addition of a new antigen followed by a 

new substrate did not improve the responses. The incubated antigen did not have free sites for 

binding. These results suggest that the interaction of the chosen antibody-antigen model system 

has not high affinity enough for the immobilization studies. This could also be explanation to 

some of the unexpected results obtained in the immobilization parameter studies. The appendix 

D also presents results from the two studies where only random immobilization was studied in 

terms of remaining antibody-antigen complex stability. The obtained results were in line with 

the comparison study results presented above.   
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7.5 MALDI-measurements 

The MALDI-measurement spectra for planar and nanostructured SU-8 are presented in 

appendix E (a selection of successful experiments). Despite the efforts antigen detection on 

planar surfaces was not possible. This is not explained by the failure in antibody immobilization 

as a control sample (detection with substrate) gave a response (detection by eye). One potential 

explanation for the failure is the inadequate immobilization density in the planar surfaces for 

MALDI. This fact is supported by the better results obtained with the nanostructured surfaces 

both in random and oriented immobilizations.  

A total of five MALDI-experiments were done, from which two times only planar surfaces were 

experimented. During those two times, no signal was observed. Nanostructured surfaces were 

studied three times (two times random and once the oriented immobilization surfaces), from 

which two studies gave responses (shown in appendix E). These preliminary studies showed 

that the choice of immobilization method did not have an influence on the result. The most 

interpretable results were obtained when the surface was treated both with nanostructures and 

oxygen plasma.    

As can be seen from the spectra (appendix E), the peaks with SU-8 base are a bit shifted to the 

right compared to the spectra of the pure samples. This shifting might be caused by the higher 

position of the SU-8 surface compared to the actual metallic MALDI-base (SU-8 piece is glued 

to the MALDI-base). Another notable fact is that the peaks of α-MPA Fab F5 and MPA-AP are 

very close to each other in the spectra. Some kind of inner calibration should be done before the 

measurement, to be sure which one of them (antibody or antigen) causes the peak in MALDI-

spectrum. One solution could be to use another antigen, like MPA- human serum albumin 

(HSA), which has a clear difference compared to the spectrum of α-MPA Fab F5. But its 

spectrum resembles closely the spectrum of the applied blocking agent BSA, which would again 

lead to the misinterpretation of the peaks. Therefore, at least at this point, the sensitivity of 

MALDI is not enough to verify the suitability of the SU-8 as a MALDI-base. Careful testing 

and potential change in the immobilization procedure (e.g. in terms of antibody, antigen, 

blocking agent etc.) have to be considered.  
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7.6 Immunochip 

7.6.1 Contact angle tests 

Capillary-driven flow is enabled if the contact angle between SU-8 surface and the solution is 

near 40° as stated in our own study [37]. The measured contact angle between freshly fabricated 

SU-8 surface and α-MPA Fab F5 in PBS solution was around 75° (dashed line in figure 48). 

Thus, no capillary-driven flow is possible to be obtained in channel structures (figure 26), if no 

modification is done to the setup. A known solution would have been to choose the oxygen 

plasma treatment, because it makes the SU-8 surface more hydrophilic [80]. However, the fast 

hydrophobic recovery, discussed in chapter 3.4.2, makes it not an optimal choice. Therefore, 

other methods to decrease the contact angle between SU-8 and the antibody solution were tried 

to find.   

Tween, a well-known surfactant, was mixed to PBS and the contact angle of this PBST solution 

in different dilutions measured with SU-8 surface. The change in contact angle is presented in 

figure 45. The contact angle between pure PBS and SU-8 is shown as a dashed line. The contact 

angle was measured four times in a 2 min period from the same droplet. As the results show, the 

contact angle decreased significantly with the original PBST solution and its first dilution. The 

decrease in contact angle with these solutions would offer sufficient conditions for the capillary-

driven flow. The same PBST solution in different dilutions were placed in 50 µl droplets on SU-

8 surface and photographed after 10 min incubation (figure 46).  

 

Figure 45. Change in contact angle during a 2 min period between different dilutions of PBST 
and SU-8 surface. The dashed line indicates the contact angle between PBS and SU-8.  
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Figure 46. Different dilutions of PBST solution on SU-8 surface after 10 min incubation.  

 

Next, the same dilutions of PBST were fabricated, but this time also antibody was included to 

the solution and the contact angle measured with SU-8 surface. On basis of the first contact 

angle study (figure 45), the fourth and fifth dilutions of PBST were excluded due to incapability 

to lower the contact angle. The change in contact angle is presented in figure 47. The contact 

angle between SU-8 and α-MPA Fab F5 in PBS solution is shown as a violet dashed line. The 

study showed that the only solution capable to produce the correct angle was the original PBST 

solution (0.05% PBST + F5). Even though the adjustment of the contact angle was correct with 

the original PBST solution, the use of it was prevented due to significant drop in the 

immobilization responses as shown in figure 48. The responses with both the original PBST-

solution and its first dilution were 51 % and 45 % lower, respectively, compared to the control 

sample, which included antibody in normal PBS (PBST: 0.54 ± 0.05, 1. dilution of PBST: 0.61 

± 0.16 and control: 1.11 ± 0.13). Therefore, oxygen plasma treatment was chosen to be the 

method to lower the contact angle on SU-8 surface. 
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Figure 47. Change in contact angle during a 2 min period between different dilutions of 
antibody - PBST solution and SU-8 surface. The dashed line indicates the contact angle between 
antibody - PBST solution and SU-8.  

 

 

Figure 48. Tween should not be used in the antibody immobilization as the immobilization 
efficiency of antibody is decreased significantly in random immobilization when higher 
concentrations of Tween are used.  
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7.6.2 Liquid flow studies 

The correct layer depth and distance between consecutive rows (see table 7) for the immunochip 

design was decided by the liquid flow studies. The test was executed with water and antibody 

solution. The tested contact angles were 30º and 42 º.  

The flow studies were not successful with contact angle of 30° with any of layer thicknesses. 

The wrong contact angle allowed the liquid to flow in both directions (upwards and downwards 

after the inlet whereas the desired path was only upwards). The studies indicated that the correct 

flow profile was obtained when the contact angle was around 42°. This result was repeated both 

with the water and the antibody solution. In addition to contact angle, also the layer thickness 

and the consecutive row distance of the structures were defined. The correct flow profile was 

obtained with 14.8 µm thick SU-8 layer, where the row distance was 23 µm (figure 49). Also 

this was able to be repeated with both the water and the antibody solution. Appendix F presents 

the incorrect flow profiles in the most common problem situations and a more detailed photo 

series of the correct flow profile (made with water).  

During the flow studies, we noticed that in addition to proper contact angle and the SU-8 

structure parameters, the flow profile is as dependent on the humidity of the surroundings. If the 

surroundings are not humid enough, the liquid flows correctly at first, but due to evaporation of 

the PBS (in antibody solution), after a 20 s period, the flow is also directed downwards (see 

appendix F). The studies showed that the droplet dries in about 1 min. Therefore, some kind of a 

box with a cover is needed when using the immunochips.  
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Figure 49. The correct flow profile with antibody solution was obtained when the chip was 

sealed inside a covered Petri dish (contact angle: 42°). The progress of the  solution is marked 

with red arrow.  

7.6.3 Immobilization tests using immunochip structures 

We did over 30 different immobilization studies with immunochip structures according to 

random immobilization shown in table 9. On the basis of the previous studies made within this 

thesis, the correct contact angle and structure parameters (see chapter 7.6.2) as well as the 

requirement for humid conditions were implemented to the studies. The correct flow profile was 

obtained couple of times and one of the most promising samples was taken to the fluorescence 

detection. The results (figure not shown) indicated that some kind of immobilization had taken 

place. The fluorescence was the most efficient on the tips of the triangles as the illustrative 

figure 50 presents. In order to be sure, that the fluorescence was caused by the correct 

immobilization and not e.g. by the evaporation of the buffer, more repetitions are needed.  

 

 Figure 50. An illustrative presentation of the fluorescence microscope detection obtained from 

the immunochip study. The red circles present the places where the fluorescence was highest.  
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8 Conclusion 

This thesis studied the His6-tagged α-MPA Fab F5 immobilization onto SU-8 surface by 

random covalent and IDA-Co chelation immobilizations. The scope was to compare these two 

immobilization methods in terms of various immobilization parameters. In addition, the aim 

was to observe wheatear or not SU-8 is a feasible base material for MALDI-MS. Also the 

determination of the optimal conditions as well as the fabrication parameters for the 

immunochip structure was the scope of this thesis.  

The results obtained in this thesis indicate that the antibody immobilization is possible with both 

immobilization methods. Moreover, in both immobilizations neither the SU-8 surface storing 

stability nor the dry storing conditions distract the immobilization significantly, which are 

desired results by thinking the potential applications. The results in oriented and random 

immobilization were promising, but still more repetitions are needed. In comparison studies the 

random immobilization was better in antibody immobilization efficiency. But even though the 

responses in random immobilization were notably higher throughout the studies, the higher 

variation between parallel samples and therefore poorer repeatability would suggest that the 

oriented immobilization is more desired in the applications.  

In addition to antibody immobilization, we were able to show that SU-8 is potentially applicable 

to be used as a MALDI-base, if further considerations regarding the surface modification by 

oxygen plasma and nanostructuring are taken into account. We also presented the fabrication 

parameters and surface modification prospects to the correct operation of the innovative 

immunochip structure. 

In the future, the immobilization should be done with smaller SU-8 pieces, which would enable 

the immersion based immobilization or in a microtiter plate, which would have been fabricated 

entirely of SU-8. In addition, a new antibody-antigen model system, which would have higher 

affinity, should be used. The change in antibody-antigen pair would also be beneficial regarding 

the MALDI-measurements as in the current immobilization the BSA blocking solution, 

antibody as well as the antigen are very close to each other in the spectra. It is difficult to 

determine which of them caused the change in the spectrum.  

At least to our knowledge there are no previous studies showing the recombinant antibody 

fragment immobilization onto SU-8 surface. Overall the number of studies regarding the 

antibody immobilization onto SU-8 is scarce despite the fact SU-8 is known to be sufficiently 
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biocompatible and that there are also plenty of different surface modification methods 

developed, which are able to activate the existent residual epoxy groups and to pose new 

functional groups on SU-8. Therefore, this thesis contributes to the current understanding of 

how the antibody immobilization is done onto SU-8 surface. In addition, this thesis serves as a 

guideline to follow-up studies and further development steps as well as a comprehensive review 

on SU-8 both in properties, fabrication methods and surface modification prospects. 

 

    



88 
 

9 References 

[1] Lin, C.-C., Wang, J.-H., Wu, H.-W. and Lee, G.-B. Microfluidic immunoassays. Journal of 

laboratory automation, 15:253-274, 2010.  

[2] Gervais, L., de Rooij, N. and Delamarche, E.  Microfluidic chips for point-of-care 

immunodiagnostics. Advanced Materials, 23:H151-H176, 2011. 

[3] Bange, A., Halsall, H.B. and Heineman, W.R. Microfluidic immunosensor systems. 

Biosensors and Bioelectronics, 20:2488-2503, 2005.  

[4] Hosokowa, K., Omata, M., Sato, K. and Maeda, M.. Power-free sequential injection for 

microchip immunoassay toward point-of-care testing. Lab on a Chip, 6:236-241, 2006. 

[5] Henares, T.G., Mizutani, F. and Hisamoto, H.. Current development in microfluidic 

immunosensing chip. Analytica chimica acta, 611:17-30, 2008. 

[6] Goluch, E.D., Nam, J.-M., Georanopoulou, D.G., Chiesl, T.N., Shaikh, K.A., Ryu, K.S., 

Barron, A.E., Mirkin, C.A. and Liu, C. A bio-barcode assay for on-chip attomolar-sensitivity 

protein detection. Lab on a Chip, 6:1293-1299, 2006. 

[7] Li, P., Sherry, A.J., Cortes, J.A., Anagnostopoulos, C. and Faghri, M. A blocking-free 
microfluidic fluorescence heterogenous immunoassay for point-of-care diagnostics. Biomedical 
Microdevices, 13:475-483, 2011. 

[8] Vikholm-Lundin, I. and Albers, W.M.. Site-directed immobilization of antibody fragments 
for detection of C-reactive protein. Biosensors and Bioelectronics, 21:1141-1148, 2006. 

[9] Obeid, P.J. and Christopoulos, T.K. Continuous-flow DNA and RNA amplification chip 

combined with laser-induced fluorescence detection. Analytica Chimica Acta, 494:1-9, 2003. 

[10] Becker, H. and Gärtner, C.  Polymer microfabrication technologies for microfluidic 

systems. Analytical and Bioanalytical Chemistry, 390:89–111, 2008.  

[11] Liu, C. Recent developments in polymer MEMS. Advanced Materials, 19:3783-3790, 

2007. 

[12] Wang, H., Meng, S., Guo, K., Liu, Y., Yang, P., Zhong, W. and Liu, B. Microfluidic 

immunosensor based on stable antibody-patterned surface in PMMA microchip. 

Electrochemistry Communications, 10:447-450, 2008.  



89 
 

[13] Egea, A.M.C. and Vieu, C. Microcontact printing of biomolecular gratings from SU-8 

masters duplicated by Thermal Soft UV NIL. Microelectronic Engineering, 88:1935-1938, 

2011. 

[14] Gervais, L. and Delamarche, E. Towards one-step point-of-care immunodiagnostics using 

capillary-driven microfluidics and PDMS substrates. Lab on a Chip, 9:3330-3337, 2009. 

[15] Bernard, A., Michel, B. and Delamarche, E. Micromosaic immunoassays. Analytical 

Chemistry, 73:8-12, 2001. 

[16] Heyries, K.A., Loughran, M.G., Hoffmann, D., Homsy, A., Blum, L.J. and Marquette, C.A. 

Microfluidic biochip for chemiluminescent detection of allergen-specific antibodies. Biosensors 

and Bioelectronics, 23:1812-1818, 2008.   

[17] Gao, Y., Lin, F.Y.H., Hu, G., Sherman, P. and Li, D. Development of a novel 

electrokinetically driven microfluidic immunoassay for the detection of Helicobacter pylori. 

Analytica Chimica Acta, 543:109-116, 2005. 

[18] Darain, F., Gan, K.L. and Tjin, S.C. Antibody immobilization on to polystyrene substrate - 

on chip immunoassay for horse IgG based on fluorescence. Biomedical Microdevices, 11:653-

661, 2009. 

[19] Sung, D., Shin, D.H. and Jon, S. Toward immunoassay chips: Facile immobilization of 

antibodies on cyclic olefin copolymer substrates through pre-activated polymer adlayers. 

Biosensors and Bioelectronics, 26:3967-3972, 2011. 

[20] Wen, X., He, H. and Lee, L.J. Spesific antibody immobilization with biotin-poly(L-lysine)-

g-poly(ethylene glycol) and protein A on microfluidic chips. Journal of Immunological 

Methods, 350:97-105, 2009.  

[21] Rucker, V.C., Havenstrite, K.L., Simmons, B.A., Sickafoose, S.M., Herr, A.E. and 

Shediac, R.  Functional antibody immobilization on 3-dimensional polymeric surfaces 

generated by reactive ion ething. Langmuir, 21:7621-7625, 2005. 

[22] Yuan, Y., He, H. and Lee, L.J. Protein A-based antibody immobilization onto polymeric 

microdevices for enhanced sensitivity of enzyme-linked immunosorbent assay. Biotechnology 

and Bioengineering, 102: 891-901, 2009.  



90 
 

[23] Hashimoto, M., Kaji, H., Kemppinen, M.E. and Nishizawa, M. Localized immobilization 

of proteins onto microstructures within a preassembled microfluidic device. Sensors and 

Actuators B, 128:545-551, 2008.  

[24] Jung, Y., Jeong, J.Y. and Chung, B.H. Recent advances in immobilization methods of 

antibodies on solid supports. The analyst, 133:697-701, 2008.  

[25] Bilitewski, U. Review: Protein-sensing assay formats and devices. Analytica Chimica Acta, 

568:232-247, 2006.  

[26] Maynard, J. and Georgiou, G. Antibody Engineering. Annual Review of Biomedical 

Engineering, 2:339-376, 2000. 

[27] Brockmann, E.-C., Vehniäinen, M. and Pettersson, K. Use of high-capacity surface with 

oriented recombinant antibody fragments in a 5-min immunoassay or thyroid-stimulating 

hormone.  Analytical Biochemistry, 396:242-249, 2010.  

[28] Joshi, M., Kale, N., Lal, R., Rao, V.R. and Mukherji, S. A novel dry method for surface 

modification of SU-8 for immobilization of biomolecules in Bio-MEMS. Biosensors and 

Bioelectronics, 22:2429-2435, 2007. 

[29] Voskerician, G., Shive, M.S., Shawgo, R.S., von Recum, H., Anderson, J.M., Cima, M.J. 

and Langer, R. Biocompatibility and bioufouling of MEMS drug delivery devices. Biomaterials, 

24:1959-1967, 2003. 

[30] Wang, Y., Pai, J.H., Lai, H.-H., Sims, C.E., Bachman, M., Li, G.P. and Allbritton, N.L. 

Surface graft polymerization of SU-8 for bio-MEMS applications.  Journal of Micromechanics 

and Microengineering, 17:1371-1380, 2007. 

[31] Blagoi, G., Keller, S., Johansson, A., Boisen, A. and Dufva, M. Functionalization of SU-8 

photoresist surfaces with lgG proteins. Applied Surface Science, 255:2896-2902, 2008. 

[32] Joshi, M., Pinto, R., Rao, V.R. and Mukherji, S.. Silanization and antibody immobilization 

on SU-8. Applied Surface Science, 253:3127-3132. 2007. 

[33] Deepu, A., Sai, V.V.R. and Mukherji, S. Simple surface modification techniques for 

immobilization of biomolecules on SU-8. Journal of Materials Science: Materials in Medicine, 

20:S25-S34, 2009. 



91 
 

[34] Hale, J.E. Irreversible, oriented immobilization of antibodies to cobalt-iminodiacetate resin 

for use as immunoaffinity media. Analytical Biochemistry, 231:46-49, 1995.  

[35] Holdago, M., Barrios, C.A., Ortega, F.J., Sanza, F.J., Casquel, R., Laguna, M.F.,  Bañuls, 
M.J., López-Romero, D., Puchades, R. and Maquieira, A. Label-free biosensing by means of 
periodic lattices of high aspect ratio SU-8 nano-pillars. Biosensors and Bioelectronics. 25: 
2553-2558, 2010.  

[36] Hua, L., Low, T.Y., Meng, W., Chan-Park, M.B. and Sze, S.K.. Novel polymer composite 
to eliminate background matrix ions in matrix assisted laser desorption /ionization-mass 
spectrometry. Analyst, 132:1223-1230, 2007. 

[37] Jokinen, V., Leinikka, M. and Franssila, S. Microstructured surfaces for directional 

wetting. Advanced Materials, 21: 4835-4838, 2009. 

[38] Simple English Wikipedia. Webpage. Cited on 16.5.2014. Retrieved from 

http://simple.wikipedia.org/wiki/Microtiter_plate.  

[39] Manz, A., Harrison, D.J., Verpoorte, E.M.J., Fettinger, J.C., Paulus, A., Lüdi, H. and 
Widmer, M.  Planar chips technology for miniaturization and integration of separation 
techniques into monitoring systems: Capillary electrophoresis on a chip. Journal of 
Chromatography A, 593:253-258, 1992. 

[40] Sikanen, T., Tuomikoski, S., Ketola, R.A., Kostiainen, R., Franssila, S. and Kotiaho, T. 
Characterization of SU-8 for electrokinetic microfluidic applications. Lab on a chip, 5:888-896, 
2005.  

[41] Garstecki, P., Fuerstman, M.J., Stone, H.A. and Whitesides, G.M. Formation of droplets 
and bubbles in a microfluidic T-junction – scaling and mechanism of break-up. Lab on a Chip, 
6:437-446, 2006.  

[42] Butt, H.-J., Graf, K. and Kappl, M. Physics and Chemistry of Interfaces. 2.ed., Weinheim, 

Wiley-VCH, 2006. 

[43] Caputo, G., Cortese, B., Nobile, C., Salerno, M., Cingolani, R., Gigli, G., Cozzoli, P.D. and 
Athanassiou, A. Reversibly light-switchable wettability of hydrid organic/inorganic surfaces 
with dual micro-/nanoscale roughness. Advanced Functional Materials, 19:1149-1157, 2009.  

[44] Ramé-hart instrument co. Webpage. Cited on 14.5.2014. Retrieved from 
http://www.ramehart.com/contactangle.htm.  

[45] Jung, Y.C. and Bhushan, B. Contact angle, adhesion and friction properties of micro- and 
nanopatterned polymers for superhydrophobicity. Nanotechnology, 17:4970-4980, 2006.  

[46] Jokinen, V., Sainiemi, L. and Franssila, S. Complex droplets on chemically modified 
silicon nanograss. Advanced Materials, 20:3453-3456, 2008. 



92 
 

[47] Lee, S-M. and Kwon, T.H. Effects of intrinsic hydrophobicity on wettability of polymer 
replicas of a superhydrophobic lotus leaf. Journal of Micromechanics and Microengineering, 
17:687-692, 2007. 

[48] Chen, T.-H., Chuang, Y.-J., Chieng, C.-C. and Tseng, F.-G. A wettability switchable 
surface by microscale surface morphology change. Journal of Micromechanics and 
Microengineering, 17: 489-495, 2007.  

[49] Novo, P., Volpetti, F., Chu, V. and Conde, J.P. Control of sequential fluid delivery in a 
fully autonomous capillary microfluidic device. Lab on a Chip, 13:641-645, 2013.  

[50] Anjoh, T.A., Jorgensen, A.M., Zauner, D.A. and Hübner, J. The effect of soft bake 

temperature on the polymerization of SU-8 photoresist. Journal of Micromechanics and 

Microengineering, 16:1819-1824, 2006. 

[51] Lorenz, H., Despont, M., Fahrni, N., Brugger, J., Vettiger, P. and Renaud, P. High-aspect 

ratio, ultrathick, negative-tone near-UV photoresist and its applications for MEMS. Sensors and 

Actuators A, 64:33-39, 1998. 

[52] Lorenz, H., Despont, M., Fahrni, N., LaBianca, N., Renaud, P. and Vettiger, P. SU-8: a 

low-cost negative resist for MEMS. Journal of Micromechanics and Microengineering, 7:121-

124, 1997. 

 [53] del Campo, A. and Greiner, C. Topical review, SU-8: a photoresist for high-aspect-ratio 

and 3D submicron lithography. Journal of Micromechanics and Microengineering, 17:R81-

R95, 2007.  

[54] Feng, R. and Farris, R.J. Influence of processing conditions on the thermal and mechanical 

properties of SU-8 negative photoresist coatings. Journal of Micromechanics and 

Microengineering, 13:80-88, 2003. 

[55] MicroChem homepages. Webpage. Cited on 03.06.2013. Retrieved from 

http://www.microchem.com/index.htm. 

[56] MicroChem homepages: Material data sheet of SU-8 photoresist. Webpage. Cited on 

21.5.2014. Retrieved from http://www.microchem.com/pdf/SU8_50-100.pdf.  

[57] MicroChem homepages: Material data sheet of SU-8 2000 series resists. Webpage. Cited 

on 21.5.2014. Retrieved from http://coewww.rutgers.edu/www4/biomems/docs/SU8_2002-

2025.pdf.  



93 
 

[58] Walther, F., Davydovskaya, P., Zürcher, S., Kaiser, M., Herberg, H., Gigler, A.M. and 

Stark, R.W.. Stability of the hydrophilic behavior of oxygen plasma activated SU-8. Journal of 

Micromechanics and Microengineering, 17:524-531, 2007. 

[59] Marie, R., Schmid, S., Johansson, A., Ejsing, L., Nordström, M., Häfliger, D.,  Christensen, 

C.B.V., Boisen, A. and Dufva, M. Immobilization of DNA to polymerised SU-8 photoresist. 

Biosensors and Bioelectronics, 21:1327-1332, 2006. 

[60] Koukherenko, E., Kraft, M., Ensell, G.J. and Hollinshead, N. A comparative study of 

different thick photoresists for MEMS applications. Journal of Materials Science: Materials in 

Electronics, 16:741-747, 2005.   

[61] Zhang, J., Tan, K.L., Hong, G.D., Yang, L.J. and Gong, H.Q.  Polymerization optimization 

of SU-8 photoresist and its applications in microfluidic systems and MEMS. Journal of 

Micromechanics and Microengineering, 11:20-26, 2001.  

[62] Mata, A., Fleischman, A.J. and Roy, S.  Fabrication of multi-layer SU-8 microstructures. 

Journal of Micromechanics and Microengineering,16:276-284, 2006.  

[63] Chuang, Y.J., Tseng, F.-G. and Lin, W.-K. Reduction of diffraction effect of UV exposure 

on SU-8 negative thick photoresist by air gap elimination. Microsystem Technologies, 8:308-

313, 2002. 

[64] Nordström, M., Johansson, A., Noguerón, E.S., Clausen, B., Calleja, M. and Boisen, A. 

Investigation of the bond strenght between the photo-sensitive polymer SU-8 and gold. 

Microelectronic Engineering, 78-79:152-157, 2005. 

[65] Feng, R. and Farris, J. The characterization of thermal and elastic constants for an epoxy 

photoresist SU-8 coating. Journal of Material Science, 37:4793-4799, 2002. 

[66] Dellmann, L., Roth, S., Beuret, C., Racine, G.-A., Lorenz, H., Despont, M., Renaud, P., 

Vettiger, P. and de Rooij, N.F. 1997, ‘Fabrication process of high aspect ratio elastic structures 

for piezoelectric motor applications’. Transducers ‘97.  

[67] Lorenz, H., Laudon, M. and Renaud, P. Mechanical Characterization of a new high-aspect-

ratio near UV-photoresist. Microelectronic Engineering, 41/42:371-374, 1998. 

[68] Glatz, W., Muntwyler, S. and Hierold, C.. Flexible polymer based microthermogenerator. 

Online article. Available: http://www.micro.mavt.ethz.ch/publications/Glatz2005_CP.  



94 
 

[69] Borreman, A., Musa, S., Kok, A.A.M., Diemeer, M.B.J. and Driessen, 2002, ‘A. 

Fabrication of polymeric multimode waveguides and devices in Su-8 photoresist using selective 

polymerization’.  Proceedings Symposium IEEE/LEOS Benelux Chapter.  

[70] Mbairi, F.D. and Hesselbom, H. High frequency design and characterization of SU-8 based 

conductor backed coplanar waveguide transmission lines.  

[71] Franssila, S. Introduction to microfabrication. 1.ed., England, John Wiley & Sons Ltd, 
2005. 

[72] Becker, H. and Gärtner, C. Review: Polymer microfbrication methods for microfluidic 

analytical application. Electrophoresis, 21:12-26, 2000.  

[73] Fu, C., Hung, C. and Huang, H. A novel and simple fabrication method of embedded SU-8 

micro channels by direct UV lithography. Journal of Physics: Conference Series, 34:330-335, 

2006.  

[74] Shumacher, J.T., Grodrian, A., Kremin, C., Hoffman, M. and Metze, J.. Hydrophobic 

coating of microfluidic chips structured by SU-8 polymer for segmented flow operation. J. 

Micromech. Microeng., 18:1-6, 2008. 

[75] Weisenberg, B.A. and Mooradian, D.L. Hemocompatibility of materials used in 

microelectromechanical systems: Platelet adhesion and morphology in vitro. Journal of 

Biomedical Materials Research, 60:283-291, 2002.  

[76] Vernekar, V.N., Cullen, D.K., Fogleman, N., Choi, Y., Carcía, A.J., Allen, M.G., Brewer, 

G.J. and LaPlaca, M.C. SU-8 2000 rendered cytocompatible for neuronal bioMEMS 

applications. Journal of Biomedical Materials Research Part A, 89A:138-151, 2009.  

[77] Wang, Y., Bachman, M., Sims, C., Li, G.P. and Allbritton, N.L. Simple photografting 

method to chemically modify and micropattern the surface of SU-8 photoresist. Langmuir, 

22:2719-2725, 2006. 

[78] Makamba, H., Kim, J.H., Lim, K., Park, N. and Hahn, J.H. Surface modification of 

poly(dimethylsiloxane) microchannels. Electrophoresis, 24:3607-3619, 2003. 

[79] Gao, Z., Henthorn, D.B. and Kim, C.-S. Enhanced wettability of an SU-8 photoresist 

through a photografting procedure for bioanalytical device applications. Journal of 

Micromechanics and Microengineering, 18:045013 (7pp), 2008. 



95 
 

[80] Chung, C.K. and Hong, Y.Z. Surface modification of Su-8 photoresist for shrinkage 

improvement in a monolithic MEMS microstructure. Journal of Micromechanics and 

Microengineering, 17:207-212, 2007. 

[81] Gach, P.C., Sims, C.E. and Allbritton, N.L.. Transparent magnetic photoresists for 

bioanalytical applications. Biomaterials, 31: 8810-8817, 2010.  

[82] Ingrosso, C., Martin, C., Llobera, A., Murano, F.P., Innocenti, C., Sangregorio, A., Voigt, 

A., Gruetzner, G., Brugger, J., Striccoli, M., Agostiano, A., Curri, M.L. 2009, ‘Magnetic 

nanocrystals modified epoxy photoresist for microfabrication of AFM probes’. Proceedings of 

the Eurosensors XXIII conference, p. 580-584.  

[83] Suter, M., Ergeneman, O., Zürcher, J., Moitzi, C., Pané, S., Rudin, T., Pratsinis, S.E., 

Nelson, B.J. and Hierold, C. A photopatternable superparamagnetic nanocomposite: Material 

characterization and fabrication of microstructures. Sensors and actuators B: Chemical, 

156:433-443, 2011.   

[84] Tsai, K.L., Ziaei-Moayyed, M., Candler, R.N., Hu, W., Brand, V., Klejwa, N., Wang, S.X. 

and Howe, R.T.  Magnetic, mechanical, and optical characterization of a magnetic nanoparticle-

embedded polymer for microactuation. Journal of Microelectromechanical systems, 20:65-72, 

2011.  

[85] Damean, N., Parviz, B.A., Lee, J.N., Odom, T. and Whitesides, G.M. Composite 

ferromagnetic photoresist for the fabrication of microelectromechanical systems. Journal of 

Micromechanics and Microengineering, 15:29-34, 2005.  

[86] Hartley, A.C., Miles, R.E., Corda, J. and Dimitrakopoulas, N. Large throw magnetic 

microactuator. Mechatronics, 18: 459-465, 2008.  

[87] Jiguet, S., Bertsch, A., Hofmann, H. and Renaud, P. Conductive SU8 photoresist for 
microfabrication. Advanced Functional Materials, 15:1511-1516, 2005. 

[88] Chang, C.-J., Yang, C.-S., Chuang, Y.-J., Khoo, H.-S. and Tseng, F.-G.. Micro-patternable 

nanoporous polymer integrated with microstructures for molecular filtration. Nanotechnology, 

19:365301 (8pp), 2008. 

[89] Skjolding, L.H.D., Teixidor, G.T., Emnéus, J.  and Montelius, L. Negative UV-NIL (NUV-
NIL) - A-mix-and-match NIL and UV strategy for realisation of nano- and micrometre 
structures. Microelectronic Engineering, 86:654-656, 2009. 



96 
 

[90] Youn, S.-W., Ueno, A., Takahashi, M. and Maeda, R. Microstructuring of SU-8 photoresist 
by UV-assisted thermal imprinting with non-transparent mold. Microelectronic Engineering, 
85:1924-1931, 2008. 

[91] Wang, X., Liao, Y., Liu, B., Ge, L., Li, G., Fu, S., Chen, Y. and Cui, Z. Free-standing SU-8 
subwavelength gratings fabricated by UV curing imprint. Microelectronic Engineering, 85:910-
913, 2008.  

[92] Nordström, M., Hübner, J. and Boisen, A. Sloped side walls in SU-8 structures with 'Step-
and-Flash' processing. Microelectronic Engineering, 83:1269-1272, 2006. 

[93] Cheng, X. and Guo, L.J. A combined-nanoimprint-and-photolithography patterning 
technique. Microelectronic Engineering, 71:277-282, 2004. 

[94] Hu, W., Yang, B., Peng, C. and Pang, W. Three-dimensional SU-8 structures by reversal 
UV imprint. Journal of Vacuum Science & Technology B, 24:2225-2229, 2006. 

[95] Berg, J.M., Tymoczko, J.L. and Stryer, L. Biochemistry, 7.ed., England, W.H. Freeman and 
Company, 2012.  

[96] Lipman, N.S., Jackson, L.R., Trudel, L.J. and Weis-Garcia, F. Monoclonal versus 
polyclonal antibodies: Distinguishing Characteristics, Applications and Information sources. 
ILAR Journal, 46:258-268, 2005.   

[97] Murphy, K., Travers, P. and Walport, M. Janeway’s Immunobiology. 7.ed., USA, T&F 
informa, 2008. 

[98] Abnova Newsletter ELISA Kit Collection homepages. Cited on 14.5.2014. Retrieved from 
. http://www.abnova.com/newspaper/1001213/index.html. 

[99] Plückthun, A. Biotechnological Aspects of antibody production in E. coli. Acta 
Biotechnologica, 11:449-456, 1991. 

[100] Zakharov, A.V., Smirnovm, I.V., Serebryakova, M.V., Dronina, M.A., Kaznacheeva, 
A.V., Kurkova, I.N., Belogurov, A.A., Friboulet, A., Ponomarenko, N.A., Gabibov, A.G. and 
Bobik, T.V. Expression of catalytic antibodies in eukaryotic systems. Molecular Biology, 45:74-
81, 2011.   

[101] Backovic, M., Johansson, D.X., Klupp, B.G., Mettenleiter, T.C., Persson, M.A.A., Rey, 
F.A. Efficient method for production of high yields of Fab fragments in Drosophila S2 cells. 
Proteins Engineering, 2010, p. 1-6. 

[102] De Wilde, C., Peeters, K., Jacobs, A., Peck, I. and Depicker, A. Expression of antibodies 
and Fab fragments in transgenic potato plants: a case study for bulk production in crop plants. 
Molecular Breeding, 9:271-282, 2002. 

[103] Block, H., Maertens, B., Spriestersbach, A., Brinker, N., Kubicek, J., Fabis, R., Labahn, J. 
and Schäfer, F. Immobilized-metal affinity chromatography (IMAC): a review. Methods in 
Enzymology: 463:439-473, 2009. 



97 
 

[104] Rusmini, F., Zhong, Z. and Feijin, J. Protein immobilization strategies fro protein 
biochips. Biomacromolecules, 8:1775-1789, 2007. 

[105] Butler, J.E., Li, N., Brown, W.R., Joshi, K.S., Chang, J., Rosenberg, B. and Voss Jr, E.W. 

The immunochemistry of sandwich elisas –VI. Greater than 90% of monoclonal and 75% of 

polyclonal anti-fluorescyl capture antibodies (Cabs) are denaturated by passive adsorption. 

Molecular Immunology, 30:1165-1175, 1993.  

[106] Biacor homepages. Cited on 14.5.2014. Retrieved from www.biacore.com.  

[107] Garcia-Suarez, M.D.M., Villaverde, R., Gonzalez-Rodriguez, I., Vazquez, F. and  

Mendez, F.J. Oriented immobilization of anti-pneumolysin tagged recombinant antibody 

fragments. Current Microbiology, 59:81-87, 2009. 

[108] Saerens, D., Huang, L., Bonroy, K., Muyldermans, S., Review; antibody fragments as 

Probe in biosensor development. Sensors (2008), 8, p. 4669-4686. 

[109] Shew, B.Y., Cheng, Y.C. and Tsai, Y.H. Monolithic SU-8 micro-interferometer for 

biochemical detections. Sensors and Actuators A: Physical, 141:299-306, 2008.  

[110] Jiang, L., Gerhardt, K.P., Myer, B., Zohar, Y. and Pau, S.  Evanescent-Wave 

Spectroscopy Using an SU-8 Waveguide for Rapid Quantitative Detection of Biomolecules. 

Journal of Microelectromechanical systems, 17:1495-1500, 2008.   

[111] Aura, S., Jokinen, V., Sainiemi, L., Baumann, M. and Franssila, S. UV-embossed 
inorganic-organic hybrid nanopillars for bioapplications.  Journal Nanoscience and 
Nanotechnology, 11: 6710-6715, 2009.  

[112] Jokinen, V. and Franssila, S. 2013, ‘Microfluidics via controlled imbibition’. MRS 
Proceedings. 

 



1 
 

Appendix A. ATIR-FTIR results of different SU-8 samples 
 

Table 1. The relevant peaks in the SU-8 ATIR-FTIR spectrum.  

 

WAVENUMBER (cm-1) CHARACTERISTIC VIBRATION 

861 C–O stretching of cis substituted epoxy 
rings 

910 C–O stretching of trans substituted epoxy 
ring 

1000–1230 C–O–C stretching in ethers 

1000–1290 C–O stretching in phenols and secondary 
alcohols 

1500 Aromatic C–C stretching (in-ring) 

1700–1750 C=O stretching cyclopentanone (solvent) 

 

 

 
Figure 1. ATIR-FTIR spectrum of sample2.  
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Figure 2. ATIR-FTIR spectrum of sample3. 

 

 

 

 
Figure 3. ATIR-FTIR spectrum of sample4. 
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Figure 4. ATIR-FTIR spectrum of sample5. 
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Appendix B.Statistical testing by Student t-test: R syntax and output 

9.1.1 R syntax for Student’s t.test  

t.test(x, ...) 
 
## Default S3 method: 
t.test(x, y = NULL, 
       alternative = c("two.sided", "less", "greater"), 
       mu = 0, paired = FALSE, var.equal = FALSE, 
       conf.level = 0.95, ...) 
 
 

Parameter definition: 

a <- c(0.95, 0.94, 0.58) 

b <- c(1.08, 0.96, 1.02) 

 t.test(a, b) 

 

Result output: 

 Welch Two Sample t-test 

 

data:  a and b 

t = -1.5542, df = 2.322, p-value = 0.2433 

alternative hypothesis: true difference in means is not equal to 0 

95 percent confidence interval: 

 -0.6747898  0.2814565 

sample estimates: 

mean of x mean of y  

0.8233333 1.0200000 
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Appendix C. Comparison study results: random and oriented immobilization 

 

Table 1. Comparison tests results (same SU-8 wafer and reagents fabricated same time).  

 

STUDY SAMPLE IMMOBILIZATION 
TYPE 

ABSORBANCE 
(mean ± sd) 

BETTER  IN 
RESPONSE 

Incubation time 

10 min 
random 1.17 ± 0.21 

random 
oriented 0.83 ± 0.21 

2 h 
random 1.19 ± 0.32 

random 
oriented 0.80 ± 0.09 

o/n 
random 1.84 ± 0.29 

random 
oriented 1.02 ± 0.06 

Incubation time 

10 min 
random 0.72 ± 0.54 

oriented 
oriented 0.93 ± 0.18 

o/n 
random 0.80 ± 0.13 

oriented 
oriented 0.88 ± 0.04 

Incubation time 

10 min 
random 0.97 ± 0.45 

random 
oriented 0.77 ± 0.18 

o/n 
random 0.97 ± 0.27 

random 
oriented 0.75 ± 0.12 

Amount of antigen 

1:1 
random 0.59 ± 0.20 

random 
oriented 0.39 ± 0.10 

1:10 
random 0.23 ± 0.05 

random 
oriented 0.15 ± 0.03 

1:100 
random 0.08 ± 0.01 

- 
oriented 0.08 ± 0.00 
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STUDY SAMPLE IMMOBILIZATION 
TYPE 

ABSORBANCE 
(mean ± sd) 

BETTER  IN 
RESPONSE 

Amount of antigen 

1:1 
random 0.72 ± 0.21 

random 
oriented 0.44 ± 0.09 

1:2 
random 0.50 ± 0.13 

random 
oriented 0.39 ± 0.13 

1:5 
random 0.29 ± 0.05 

random 
oriented 0.19 ± 0.06 

1:10 
random 0.22 ± 0.02 

random 
oriented 0.15 ± 0.01 

1:20 
random 0.13 ± 0.01 

random 
oriented 0.12 ± 0.01 

Serum vs. buffer 
incubation 

Buffer 
random 1.10 ± 0.18 

random 
oriented 0.68 ± 0.09 

Serum 
random 0.59 ± 0.10 

oriented 
oriented 0.61 ± 0.25 

Serum vs. buffer 
incubation & 

incubation time 

Buffer 10 
min 

random 0.72 ± 0.54 
oriented 

oriented 0.93 ± 0.18 

Buffer o/n 
random 0.80 ± 0.13 

oriented 
oriented 0.88 ± 0.04 

Serum 10 
min 

random 0.48 ± 0.16 
oriented 

oriented 0.66 ± 0.29 

Serum o/n 
random 0.73 ± 0.04 

oriented 
oriented 0.83 ± 0.02 
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STUDY SAMPLE IMMOBILIZATION 
TYPE 

ABSORBANCE 
(mean ± sd) 

BETTER  IN 
RESPONSE 

Serum vs. buffer 
incubation & 

incubation time 

Buffer 10 
min 

random 0.97 ± 0.45 
random 

oriented 0.77 ± 0.18 

Buffer o/n 
random 0.97 ± 0.27 

random 
oriented 0.75 ± 0.12 

Serum 10 
min 

random 1.03 ± 0.22 
random 

oriented 0.69 ± 0.03 

Serum o/n 
random 0.63 ± 0.17 

random 
oriented 0.59 ± 0.12 

Surface 
modification by 
nanostructuring 

and RIE 

Nano 
random 1.35 ± 0.04 

random 
oriented 0.97 ± 0.13 

Planar 
random 0.73 ± 0.32 

random 
oriented 0.39 ± 0.05 

RIE 
random 0.83 ± 0.26 

random 
oriented 0.50 ± 0.09 

Nano + RIE 
random 2.34 ± 0.53 

random 
oriented 0.52 ± 0.26 

Surface 
modification by 

RIE 

Control 
random 0.88 ± 0.07 

random 
oriented 0.36 ± 0.36 

5 s RIE 
random 1.48 ± 0.10 

random 
oriented 1.00 ± 0.06 

60 s RIE 
random 1.39 ± 0.06 

random 
oriented 0.83 ± 0.23 



8 
 

 

 

STUDY SAMPLE IMMOBILIZATION 
TYPE 

ABSORBANCE 
(mean ± sd) 

BETTER IN 
RESPONSE 

Immobilized 
antibody stability 

Wet 
random 0.81 ± 0.09 

random 
oriented 0.56 ± 0.17 

Dry 
random 0.67 ± 0.12 

random 
oriented 0.60 ± 0.13 

Storage stability of 
SU-8 surface 

1 weeks 
random 1.43 ± 0.23 

random 
oriented 0.78 ± 0.02 

2 week 
random 1.39 ± 0.48 

random 
oriented 0.58 ± 0.18 

Control 
random 0.88 ± 0.07 

random 
oriented 0.67 ± 0.36 

Storage stability of 
SU-8 surface 

3 weeks 
random 1.02 ± 0.26 

random 
oriented 0.99 ± 0.27 

4 weeks 
random 1.44 ± 0.10 

random 
oriented 0.78 ± 0.06 

Control 
random 1.28 ± 0.17 

random 
oriented 0.75 ± 0.04 
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Appendix D. Comparison study results: Antibody-antigen complex stability in o/n TBS 
treatment 

 

Table 1. Remaining activity of the antibody-antigen complex after o/n TBS treatment. 

STUDY SAMPLE IMMOBILIZATION 
TYPE 

REMAINING IMMOBILIZATION 
EFFICIENCY (%: mean ± sd) 

NEW SUBSTRATE NEW ANTIGEN 
& SUBSTRATE 

Antibody 
incubation 

time 

10 min 
random 16.4 ± 1.5 

Not measured 

oriented 37.6 ± 10.5 

2 h 
random 21.4 ± 6.0 

oriented 31.7 ± 3.2 

o/n 
random 20.2 ± 3.5 

oriented 29.4 ± 11.7 

Amount of 
antigen 

1:1 
random 40.8 ± 5.0 27.0 ± 5.0 

oriented 32.1 ± 4.4 27.8 ± 5.3 

1:2 
random 40.3 ± 7.4 30.6 ± 9.9 

oriented 29.8 ± 7.7 30.8 ± 7.0 

1:5 
random 42.6 ± 4.0 37.0 ± 5.9 

oriented 51.5 ± 14.9 49.8 ± 14.1 

1:10 
random 50.1 ± 6.8 49.8 ±7.6 

oriented 56.0 ± 3.5 59.6 ± 2.3 

1:20 
random 67.1 ± 5.9 64.9 ± 7.4 

oriented 71.7 ± 10.6 69.6 ± 7.6 
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STUDY SAMPLE IMMOBILIZATION 
TYPE 

REMAINING IMMOBILIZATION 
EFFICIENCY (%: mean ± sd) 

NEW 
SUBSTRATE 

NEW ANTIGEN 
& SUBSTRATE 

Serum vs. 
buffer 

Buffer 10 
min 

random 33.9 ± 4.0 

Not measured 

oriented 25.8 ± 3.0 

Buffer o/n 
random 45.2 ± 4.4 

oriented 28.2 ± 2.6 

Serum 10 
min 

random 52.9 ± 35.6 

oriented 34.5 ± 6.2 

Serum o/n 
random 68.8 ± 21.7 

oriented 43.4 ± 7.8 

Serum vs. 
buffer 

Buffer 10 
min 

random 34.2 ± 11.8 

Not measured 

oriented 22.9 ± 2.2 

Buffer o/n 
random 28.6 ± 4.2 

oriented 27.0 ± 2.4 

Serum 10 
min 

random 39.3 ± 7.7 

oriented 40.4 ± 18.7 

Serum o/n 
random 33.5 ±7.1 

oriented 32.7 ± 3.4 

Buffer pH 

pH 7.24 

random 

42.2 ± 5.1 29.2 ± 5.7 

pH 8.05 37.7 ± 7.9 30.7 ± 4.4 

pH 9.93 47.5 ± 9.4 34.7 ± 9.5 

Surface 
modification 

Nano 

random 

15.7 ± 2.0 14.1 ± 1.3 

Planar 20.4 ± 8.5 17.1 ± 9.8 

RIE 21.9 ± 6.0 17.5 ± 4.0 

Nano + RIE 17.2 ± 8.6 12.7 ± 6.5 
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Appendix E. MALDI spectra.   

 

Figure 1. MALDI spectra of SU-8 surfaces with random immobilization and reference spectrum 
for antibody and antigen. 

 

 

Figure 2. MALDI spectra of SU-8 surfaces with oriented immobilization and reference 
spectrum for antibody and antigen 
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Figure 3. BSA reference spectrum on SU-8 (500 shots). 
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Appendix F. Liquid flow studies 

- Incorrect behavior, because of wrong contact angle: the liquid flows up- and 
downwards from the inlet. 

 

Figure 1. Due to too low contact angle, the liquid flows up- and downwards from the 
inlet. SU-8 layer is 17.8 µm thick and the contact angle is 26.5°. 
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- Incorrect behavior, because of the PBS evaporation: the liquid flows correctly at first, 
but after a while the liquid flows also downwards.   

    

  

Figure 2. The liquid flow in 14.8 µm thick SU-8 chip when contact angle is 42° and the 
surrounding humidity is not controlled (time period 1 min and consecutive row distance 
in channel 23 µm). 
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- Correct behavior (made with water): 

    

   

Figure 3. The water flows only upwards from the inlet when contact angle was 42°, SU-

8 layer thickness 14.8 µm and the humidity under control (the red arrow indicates the 

current position of the proceeding liquid). Adapted from ref. [112]. 


