











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 Ky value for it is as low as 107" [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 (Ni*"), zinc (Zn*") and cobalt (Co®")) 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].

HISTIDINE6 -TAG

/7 CoIDA
COORDINATION BOND %(0 """" %

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.
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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
Minimal manipulation, No Ab  Random orientation, Ab denaturation,
Adsorption modification, Mostly high Nonspecific protein binding, Leakage

Covalent coupling

immobilization level

Stable immobilization,
Commercially available
surfaces

of antibody from surface

Random orientation, Ab modification,
Possible denaturation

Surface stability, Not suitable for

Antibody- Oriented immobilization, No . . .
binding  Ab modification, Mild CETHTEI A, Ao isgatig
roteins incubation ’ step for antibody-binding protein
Bio- P immobilization
specific - - — - - : = :
il (Btetiny o erenteq immobilization, Mild Ab modlﬁga.tlo.n, Addlltllongl processing
ation incubation step for avidin immobilization
Oriented immobilization, Mild
Affinity tags  incubation, genetic Ab Surface stability

engineering
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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.

SURFACE IMMOB. BLOC
ANTIBODY ANTIGEN MOD. METHOD KING OTHER REF.
Only weak
) Physical and random
FITC-tagged adsorption fluorescence
Al ar%t%— BSA detected. [32]
human IgG ~ Aminosilanization Covalent
(H,SO4+ AEAPS . e
-+ el immobilization
con(jjl};;te d Aminosilanization Bio.spe.ciﬁc corizgﬁzltlion
Mouse IgG AnfmOnSe- (H,SO, + APTES blnd}ng BSA P15 [110]
16G + glutaraldehyde) (protein A) detected.
Alexa Fluor
64!7-1abeleq Covalent . NOt. an
chicken anti- - - immobilization - immobilizatio [77]
mouse IgG n study
Carbodiimide
chemistr,
(NaOH/H}(IZI | Comlent ,
immobilization Glycine was
FITC-tagged treatment - the most
Human IgG goat anti- g1y.01.ne.) effective, [33]
HIgG Succm}mlde PBSTB ——
chemistry Covalent dsortion th
(NaOH/HCl +  immobilization adsorption the
11-MUA) worst.
Physical
) adsorption
T Sandwich
Aminosilanization Covalent —_—
Anti-CRP- (éﬁlﬁ;{gggy ](512; immobilization LOD? of 300
cAb ng/ml CRP
and anti- - Covalent BSA LOD” of 80 [31]
CRP-CyS- CAN . . . ng/m] CRP
dAb! immobilization
Physical LOD? of 30
) adsorption ng/ml CRP
Only weak
Physical and random
Human IgG FITC-tagged ) adsgrption BSA fluorescence 73
hiﬁ;ﬁ?tlé detected PE]
£ HWCVD + Covalent
glutaraldehyde immobilization

"' dAb = detector antibody, cAb = capture antibody
? 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 (MAG6/BA6, Siiss MicroTec) and post-exposure bake and
development. The hotplate in the bakes was either programmable (UniTemp GmbH) or
adjustable, leveled hotplate (Prézitherm).

6.1.1 Planar SU-8 surface

Planar SU-8 surfaces of 14.5 um 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 lon 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 um 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.

{
EHT =10.00 kv Signal A= InLens Mag= 368 KX
WD= 4mm Photo No. = 4521 Date :29 May 2009 Time :14:50:41

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
um. 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 pm x 20 um in size. They were placed in rows with 10

pm 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 um. 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 pm x 10 pm in size and the distance
to every direction was 10 um. 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.
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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 ST I SPEED AND SB EXP.  PEB DEV.
TIME
in 65°C 5 min, .o
min
in 65°C 5 min, . o
17.8 um 9000 rpm, 365 WOPT S S5 0 2P E sam
min
in 65°C 5 min, . o
21.2 pm 2000 1pm, 30's in95°C8min 5 miig ~ 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 samplel to sample5) were fabricated. Samplel 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 (samplel). 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™ and ~ 1608 cm™ [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 (a-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.

PDMS STAMP

SU-8 piece
upside down

IMMOBILIZATION APPROACHES
SU-8 PIECE
IMMERSION

Hydrophobic surface

of SU-8 enables the
droplet to maintain its

form

DROPLET-
BASED

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 oa-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 cm?), 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 pg of a-MPA Fab F5 in phosphate buffered saline (PBS) was manually spotted at a
volume of 100 pl 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 ug of MPA-AP in Tris-buffered saline (TBS) was spotted at a volume of 50 ul
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.
o
O
5
) .
O His6
.@. Hisé
BSA é BSA H

0] O 0] 0]

SU-8 SUBSTRATE

Active Partially active Inactive

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 MgMl, — buffer (Reagena-buffer, Reagena, Finland) in a concentration of
2 mg/ml was applied for the detection. A droplet of 150 ul of aforementioned solution was
placed in the middle of the SU-8 piece and was left to incubate for 51 min. A 100 ul of the
incubated solution was transferred to the microtiter plate to measure the color change with

absorbance using wavelength of 405 cm™ (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 (Na,B4O-) solution was made by mixing 3.8 g of Na,B,0; (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-H,O was filtered in a side-
armed Erlenmeyer flask with a HVLP 0.45 um 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(Il)-chlorid-hexahydrat (CoCl,© 6 H,O, Merck Oy,
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Finland) was dissolved in degassed DDIW in a concentration of 100 mg/ml. Because CoCl, is
poisonous, it was weighted in a hooded scale and dissolved to MilliQ-H,O 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 pg of a-MPA Fab F5 in PBS was manually spotted
at a volume of 100 ul 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 (H,O,, Sigma Aldrich, Finland) was diluted in DDIW in a ratio of 1:1000.
A droplet of 150 ul 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 pg of
MPA-AP in TBS was spotted at a volume of 50 pl 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.
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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 #-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
Ix TBS. The starting point for the dilution series was 1:1 dilution (¢ = 0.025 mg/ml), which
contained 1.27 pg 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 pl in PBS, mixing with 100 pl 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 SM 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 SM 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 5SM NaOH added. The solution pH was 9.93. Antibody
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was mixed to 100 ul 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 lon 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 PBS;

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

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

PEAK PEAK NUMBER OF

HEIGHT AT HEIGHT AT RATIO FREE EPOXY
@ GROUPS PER SU-8

SAMPLE

(exposure + PEB time)

914 em-1 1608 cm-1 MONOMER
SAMPLEI (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
SAMPLES (5s + 20min) 6 6 1,0 2

ATIR-FTIR -results with the different exposure times (samplel: 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 (samplel: 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 150°C 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 pl 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.
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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).
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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).
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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 (¢ = 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).
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Figure 36. Already dilution 1:2 caused a notable change in the slope of dilution curve. (SU-8

pieces from the same wafer).

69



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).

a-MPA Fab F3 IMMOBILIZATION ONTO SU-8:
THE EFFECT OF DISSOLVING AGENT
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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 (testl), 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 (testl): 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).

a-MPA Fab F3 IMMOBILIZATION ONTO SU-8:
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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.
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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.
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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).
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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.
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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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1-MEAN, 14

d= ME‘;% =0,0054 (14)

where MEAN,;; was the mean value for the old IDA solution and MEAN,,, 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 a-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 a-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 a-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 pul droplets on SU-
8 surface and photographed after 10 min incubation (figure 46).
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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 a-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.
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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 30° and 42 °.

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 pm thick SU-8 layer, where the row distance was 23 um (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 a-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

86



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.
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Appendix A. ATIR-FTIR results of different SU-8 samples

Table 1. The relevant peaks in the SU-8 ATIR-FTIR spectrum.

WAVENUMBER (cm™) 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=0 stretching cyclopentanone (solvent)
0.05'- 2,58 exposure time
Normal PEB

Absorbance

1800

40 120 oo 8w

Wavenumbers (cm-1)

Figure 1. ATIR-FTIR spectrum of sample2.
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Figure 2. ATIR-FTIR spectrum of sample3.
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Figure 3. ATIR-FTIR spectrum of sample4.
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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<-¢(0.95, 0.94, 0.58)
b <-¢(1.08, 0.96, 1.02)

t.test(a, b)

Result output:

Welch Two Sample t-test

data: aand 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



Appendix C. Comparison study results: random and oriented immobilization

Table 1. Comparison tests results (same SU-8 wafer and reagents fabricated same time).

IMMOBILIZATION ABSORBANCE BETTER IN

STUDY SAMPLE TYPE (mean * sd) RESPONSE
random 1.17+£0.21
10 min random
oriented 0.83+0.21
random 1.19+£0.32
Incubation time 2h random
oriented 0.80 +0.09
random 1.84 £0.29
o/n random
oriented 1.02 £ 0.06
random 0.72 £0.54
10 min oriented
oriented 093 £0.18
Incubation time
random 0.80 £0.13
o/n oriented
oriented 0.88 £0.04
random 097 £0.45
10 min random
oriented 0.77 £0.18
Incubation time
random 097 £0.27
o/n random
oriented 0.75+0.12
random 0.59 £0.20
1:1 random
oriented 0.39 £0.10
random 0.23 +0.05
Amount of antigen 1:10 random
oriented 0.15+0.03
random 0.08 +0.01
1:100 -
oriented 0.08 £0.00




IMMOBILIZATION ABSORBANCE BETTER IN

STUDY SAMPLE TYPE (mean * sd) RESPONSE
random 0.72 £0.21
1:1 random
oriented 0.44 +0.09
random 0.50 £0.13
1:2 random
oriented 0.39+£0.13
random 0.29 £ 0.05
Amount of antigen 1:5 random
oriented 0.19 £ 0.06
random 0.22 £0.02
1:10 random
oriented 0.15+0.01
random 0.13£0.01
1:20 random
oriented 0.12+0.01
random 1.10+0.18
Buffer random
Serum vs. buffer oriented 0.68 £ 0.09
incubation random 0.59£0.10
Serum oriented
oriented 0.61 £0.25
Buffer 10 random 0.72 £0.54
. oriented
min oriented 0.93+0.18
random 0.80 £0.13
Buffer o/n oriented
Serum vs. buffer oriented 0.88 £0.04
incubation &
incubation time Serum 10 random 0.48 £0.16
. oriented
min oriented 0.66 + 0.29
random 0.73 £0.04
Serum o/n oriented

oriented 0.83 £0.02




IMMOBILIZATION ABSORBANCE BETTER IN

STUDY SAMPLE TYPE (mean * sd) RESPONSE
Buffer 10 random 0.97+0.45
min random
oriented 0.77 £0.18
random 0.97 +£0.27
Buffer o/n random
Serum vs. buffer oriented 0.75+0.12
incubation &
incubation time random 1.03 +0.22
Serum 10
min random
oriented 0.69 +0.03
random 0.63+0.17
Serum o/n random
oriented 0.59 £0.12
random 1.35+0.04
Nano random
oriented 097 £0.13
random 0.73 +£0.32
Planar random
Surface :
modification by oriented 0.39 £ 0.05
nanostructuring
random 0.83+0.26
and RIE RIE random
oriented 0.50 £ 0.09
random 2.34+0.53
Nano + RIE random
oriented 0.52+0.26
random 0.88 +£0.07
Control random
oriented 0.36 £0.36
Surface random 1.48 +£0.10
modification by 5sRIE random
RIE oriented 1.00 £ 0.06
random 1.39+£0.06
60 s RIE random
oriented 0.83 +0.23




IMMOBILIZATION ABSORBANCE BETTER IN
STUDY SAMPLE TYPE (mean * sd) RESPONSE

random 0.81 +0.09

Wet random
Trerenalsliaadl oriented 0.56 +0.17

tibody stabilit

antibocy stabtiity random 0.67%0.12

Dry random
oriented 0.60+0.13
random 1.43 £0.23

1 weeks random
oriented 0.78 £ 0.02
o random 1.39 £0.48

S'[O;é{ljgeg stab;hty of 2 week random
~¢ Surtace oriented 0.58+0.18
random 0.88 £0.07

Control random
oriented 0.67 +£0.36
random 1.02 £0.26

3 weeks random
oriented 0.99 +£0.27
- random 1.44 £0.10

Stog%geg stab;hty el 4 weeks random
-6 surlace oriented 0.78 + 0.06
random 1.28 £0.17

Control random
oriented 0.75 £ 0.04




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.

REMAINING IMMOBILIZATION
EFFICIENCY (%: mean * sd)

STUDY SAMPLE IMMO]?FI‘I;II,IZEATION
NEW ANTIGEN
NEW SUBSTRATE & SUBSTRATE
random 164+1.5
10 min
oriented 37.6 £10.5
Antibody
incubation ’h random 21.4£6.0 Not measured
tme oriented 31732
random 20.2+3.5
o/n
oriented 294+ 11.7
random 40.8+5.0 27.0+5.0
1:1
oriented 32.1+44 27.8+53
random 403 +7.4 30.6+9.9
1:2
oriented 298 +7.7 30.8+7.0
Amount of random 42.6 +4.0 37.0+5.9
. 1:5
AEZE oriented 515+ 14.9 49.8 = 14.1
random 50.1 £6.8 49.8 £7.6
1:10
oriented 56.0+£3.5 59.6+2.3
random 67.1+£5.9 649+74
1:20
oriented 71.7 £10.6 69.6 £7.6




REMAINING IMMOBILIZATION

EFFICIENCY (%: mean * sd)

STUDY SAMPLE IMMO]?[‘I‘IE;EATION
NEW NEW ANTIGEN
SUBSTRATE & SUBSTRATE
Buffer 10 random 339+4.0
min oriented 25.8+3.0
random 452 +44
Buffer o/n
oriented 282 +2.6
SIS Not measured
buffer S 10 random 52.9+35.6
erum
min -
oriented 345+6.2
random 68.8 £21.7
Serum o/n
oriented 434+ 7.8
Buffer 10 random 342 +11.8
min oriented 229+22
random 28.6+4.2
Buffer o/n
Serum vs oriented 27.0+2.4
buffe ' Not measured
utter Serumm 10 random 393+7.7
min oriented 404 +18.7
random 33.5+7.1
Serum o/n
oriented 32.7+34
pH 7.24 422451 292 +5.7
Buffer pH pH 8.05 random 37.7+£79 30.7+ 44
pH 9.93 475+94 347+9.5
Nano 15.7+2.0 141+1.3
Surface Planar 20.4 £8.5 17.1+£9.8
. . random
modification RIE 21.9%6.0 175<4.0
Nano + RIE 17.2+ 8.6 12.7+6.5




Appendix E. MALDI spectra.
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Figure 1. MALDI spectra of SU-8 surfaces with random immobilization and reference spectrum
for antibody and antigen.
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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 pm 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 um 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 pm).
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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 um and the humidity under control (the red arrow indicates the
current position of the proceeding liquid). Adapted from ref. [112].
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