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CMOS-Chip Based Printing System for Combinatorial §nthesis

Peptide arrays, produced through combinatorialh®gis from amino-acid monomers,
are an important tool for proteomic research. Theaya enable high throughput
screening by exposing a large number of differesytiple spots to a solution of target
molecules. In particle based synthesis, the mone@er encapsulated into solid particles
and deposited on the synthesis spots. The resdpogdensity can be much higher than
that of liquid based on-spot peptide synthesis.

This dissertation presents the construction of &20&Mthip based “printing system” that
automatically prints monomer particles onto a glsis$e for combinatorial synthesis of
high-density arrays. The monomer particles (+d4) are addressed onto the electrode
pixels of a CMOS chip, and then printed onto a glsigle by using an electrical field.
Afterwards, the particles are melted to releaseanuens for peptide synthesis.

The printing system should print particles onto #fide with high reproducibility and
homogeneity. This is achieved with high precisiom) motors, a slide holder and 3
electrical contact sensors. For ideal printing iteslie parameters including particle size,
printing voltage, and printing distance are disedssWith printed particles, a peptide
synthesis is performed, resulting in an array wli(h000 spots per dnwhich is 100
times more than with conventional method. Additibnahe advantage of the printing
system is that the synthesis is not performed enallOS chip but on the regular glass
slide, which is more chemically robust and suitdbtebiological applications.

CMOS-Chip basiertes Drucksystem flr die kombinatorsche Synthese

Peptidarrays sind ein wichtiges Werkzeug fur diet&ymikforschung. Sie ermdglichen
Hochdurchsatz Screenings, in denen eine gro3evdehPeptiden parallel einer Lésung
mit Zielmolekilen ausgesetzt wird. Bei der partikesdierten Synthese werden die
Monomere in festen Partikeln eingebettet und auf 8gnthesespots abgelagert. Dies
erlaubt eine Erhéhung der Spotdichte verglichenflissigkeitsbasierten Systemen.
Diese Dissertation beschreibt den Bau eines CMO$-Bésierten "Drucksystems”, das
automatisch Monomerpartikel fur die kombinatoris&ynthese von hochdichten Arrays
auf einen Objekttrager druckt. Die Monomerpartikel um) werden auf den Pixeln des
CMOS-Chips abgelagert und dann mittels eines ééekien Feldes auf den Objekttrager
gedruckt. AnschlieRend werden die Partikel aufgesdhen, um die Monomere flr die
Synthese freizugeben.

Das Drucksystem soll mit guter Wiederholgenauigkeitt Homogenitat Partikel auf
Objekttrager drucken. Dies wird mit hochprézisen Yi&ntrieben, einer Tragerhalterung
und 3 elektrischen Kontaktsensoren erreicht. Dasnage Druckergebnis wird anhand
von Parametern wie der PartikelgroRe, der angelegiiektrischen Spannung und dem
Abstand zwischen Chip und Objekttrager diskutibtit den gedruckten Partikeln wird
eine kombinatorische Synthese durchgefihrt und tsemiArray mit 10.000 Spots pro
cnt hergestellt, das ist 100-mal mehr als mit herkomneh flissigkeitsbasierten
Systemen. Zusatzlich hat das Drucksystem den Vodtess die Synthese nicht direkt auf
dem CMOS-Chip durchgefuhrt wird, sondern auf Glgskttragern, die
chemikalienbestandiger sind und sich besser flogigche Anwendungen eignen.
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Abbreviations

AEGs
APTES
—Ala
CMOS
DCM
DIPEA
DMF
DPF
DPSO
ESA
EtOH
Fmoc
HOBT
HBTU
OPfp
OPC
PCB
PMMA
PEGMA
PTES
SCP
TBS-T
TFA
TIBS

Amino(ethylenglycoly
(3-aminopropyliiethoxysilane
—Alanine
Complementary metal-oxide-semiconductor
Dichloromethane
N,N-Diisopropylethylamine
N,N-Dimethylformamid
Diphenyl formamide
Diphenyl sulfoxide
Acetic anhydride
Ethanol
Fluorenylmethyloxycarbonyl chloride

N-Hydroxybenzotriazole

O-Benzotriazole-N,N,N’,N’-tetramethyl-uroniuimexafluoro-phosphate

Ortho-pentafluorophenyl

Organic photoconducting

Printed circuit board

Poly(methyl methacrylate)
Poly(ethylenglycol)methylmethacrylat
Propyltriethoxysilan

Side chain protection

Tris-buffered saline with Tween 20
Trifluoroacetic acid

Triisobutylsilane



de

Amino acids Three letter code  One letter co
Alanine Ala A
Arginine Arg R
Asparagine Asn N
Aspartic acid Asp D
Cysteine Cys C
Glutamic acid Glu E
Glutamine GIn Q
Glycine Gly G
Histidine His H
Isoleucine lle I
Leucine Leu L
Lysine Lys K
Methionine Met M
Phenylalanine Phe F
Proline Pro P
Serine Ser S
Threonine Thr T
Tryptophan Trp w
Tyrosine Tyr Y
Valine Val V

Table 1: Three and one letter code of proteinogamimo acids.






1. Introduction

1.1 Motivation

The proteomic research is important for understamdhe biochemistry function in
human body. In proteomic research, peptide arragble the screening of hundreds to
thousands of proteins at the same time [EIC05, FRAOLIUO3], since the peptide
arrays have 96 ! 16,000 different peptide spotsacsingle substrate [BRE0S8, BEIO8].
When the arrays are exposed to the fluorescentigléd protein, only the specific
peptides can bind to the protein. Therefore, thecifipc peptide can be pinned out by
fluorescence scanning. Because the peptide spoexposed to proteins at the same time,
the reagents consumption can be few. The peptidgsacan be applied to:

characterize antibodies in medical diagnosis animological research [REI02],

analyze the peptide interaction with other prate@NA or metal ions [UTTO08],

design sequences for new peptides which can ntimeidunction of catalytic proteins
[ALB08, KNO99, EICO04].

In solid phase synthesis, the linear heteropolynfsush as DNA or peptides) are
synthesized by adding monomers onto the sequemeebyoone. Amino acid monomers
or nucleotide monomers are added on to the substoatpeptide or DNA synthesis,
respectively. During synthesis, side chain protgctiroups are used to ensure that there
will not be additional monomers coupled to the szmpes [MER64-1, MERG6G4-2].

Once the array is synthesized, it can be experafignised by exposing the array with
target molecules in solution. The specific sequemnagé then bind to the target molecules.
This binding event can be detected by labelingdhget molecules with fluorescent dye.

High density microarrays based on combinatoriattsysis are widely used in biological
and medical field, since microarrays can be usedrtalyze thousands of different
peptides or nucleotides at the same time. The dposity of the microarray is a very
important parameter for the related applicatiorscadise the time and reagents used for
one slide is similar, so a higher spot density radawer cost per peptide spot. Hence,
enhancing the spot density of the microarray iseg koint in microarray research
[BREOS].



Conventionally, the monomer droplets are depositetd the substrate by pipette array
[FRAO02-2]. Two problems limit the spot density dfet pipette deposition. One is the
droplet spread on the substrate surface. The ashérat the solvent in the solution

evaporate, so the monomer concentration from beginio the end of deposition will be

different.

To increase the spot density, an innovative metfowdcombinatorial synthesis was
developed with photolithography. The surface igguted by photolabile material, so the
monomers can only couple to the spots which aresegbto the light. This method can
achieve very high spot density (10,000 spots 9 since the density is limited by the
resolution of light mask [FOD91]. However, the pliesh of this method is that only one
kind of monomer can couple to the surface in ongpbng cycle. That is, the peptide
array, which has 20 standard amino acids, neea®@pling cycles for a monolayer, so
synthesizing peptide array with photolithographiethod is time consuming.

The particle based synthesis method is faster thanphotolithographic method. The
particle based combinatorial synthesis replace$idbél droplet with solid particles. The
particles containing the monomers can be printetd dhe glass substrate with laser
printer and then melted at once for coupling. Tieabne monolayer synthesis needs only
one coupling cycle, so the time needed is aboutr2€s less than the photolithographic
method [BEYO07, STA08-1].

The laser printer based particle deposition metadopts the organic photoconducting
drum technique and successfully prints particlesctombinatorial synthesis [STA08-1].
The method reduces the time needed by melting angcles for monolayer synthesis at
the same time.

The CMOS-chip based particle deposition has higpet density than the laser printer
method (10,000 spots / éras. 400 spots / cii) The CMOS-chip method addresses the
particles onto the pixels on chip by electricaldee Then the particles are melted to
release the monomers and the solid phase syniBesagried out on the chip surface at
the same time [BEYO07].

The CMOS-chip method enables higher spot densan thser printer and is 20 times
faster than photolithographic method. However, thethod suffers from the fragility of
the CMOS chip. The chip can be easily damaged guhie chemical process. Hence, the



particles should be transferred form chip onto gjlakde, which is well adapted for
chemical process, and melted for combinatoriallssis on the slide.

The aim of my work is to develop a system to ptire particles form the CMOS chip
onto the glass slide for array synthesis. Thisedtation describes the development of
this printing-from-chip-onto-slide technique. Thgstm is built in a collaboration
between the German Cancer Research Center (DKFX)Dmmmstadt University of
Technology (TUD).

1.2 Objectives

This dissertation focuses on how to print the pbasi from the CMOS chip onto the glass
slide, so that the combinatorial synthesis candreedn the slide surface instead of the
CMOS chip. A system was constructed for high-precision particle printing and to
automate the particle deposition and printing pseceSince the CMOS chip and the
method of particle deposition on chip were alreddyeloped, a main challenge of the
construction was integrating the chip and depasitieethod into the system. Another
challenge was how to print the particles onto sldigh high reproducibility and
homogeneity.

1.3 Methodology

The demands of the CMOS-chip based printing systeene first described and
considered in the first phase of this work. The deds included the printing
homogeneity, printing reproducibility and geomedigsign. Then the solutions for these
demands were listed and discussed to find the apswmiution combination. Afterwards,
the system was constructed based on the choseioeslu

The constructed system was tested with commerorartparticles. For ideal printing
results, the system was calibrated and severaledeas, including the particle size,
printing voltage and printing distance, were diseas

At last, the system was used to print amino-acid kiotin particles on the slide, and
combinatorial synthesis was conducted with theigiag.



1.4 Overview of Each Chapter

In Chapter 2, this dissertation describes the quinoé peptide arrays, combinatorial
synthesis, different methods for peptide array hsgsis, and the advantage of
CMOS-chip based printing method.

In chapter 3, the design concepts, solutions, amgtouction of the CMOS-chip based
printing system are described.

The particle printing issues, including particleadcteristics, deposition quality, and
printing quality are discussed in chapter 4.

Based on this printing system, the combinatoriattisgsis and staining results are
described in the course of chapter 5.

Chapter 6 discusses and concludes the resultscamlyaments of this PhD work.
The References and Appendixes, including the aragio-structures, the LabVIEW

programs, the 3D drawing of the system componamis,the protocols for synthesis, are
listed at last.



2. Background

Solid phase synthesis can synthesize large amaintsolecules which have similar
structure. These molecules can be applied in seaspects: peptide arrays can be used
to analyze proteins from living organisms; surfaces be functionalized. The solid
phase peptide synthesis is used to synthesize dangent of structural related molecules.
In this chapter, current combinatorial synthesthitéques for peptides are introduced and
compared.

2.1 From Peptide Synthesis to Combinatorial Synthes

2.1.1 Application of Peptides

Proteins are also called polypeptide and pepticeeseguences consisting of amino acids.
In living organisms, most biochemical functionsatel to proteins. For example, the
reactions catalyzed by enzyme, binding partners tioé inter-/intra- cellular
communication, and the receptors of antibodiesairprotein, and peptides can be used
to investigate these processes in proteomics r@sear

Many biological and medical researchers try to fidignthe protein-protein,
protein-peptide, protein-DNA, protein-RNA, or priotenetal interactions. The
interacting regions (epitopes) can be presentedhioyt peptide chains (starting form 8
amino acids) [ALB08, KNO99]. On the other hand, sonmnding sites on protein can be
mimicked by peptide sequences (mimetopes) [EICO4lese proteomic studies are
usually performed by synthetic peptides [UTTO8].

In addition, the complex protein network in humandy can be activated or inhibited by

protein to maintain a balanced environment in vagyircumstances. Short peptides can
also stimulate the protein as well [EICO5, BIAOZhese interactions are in the main
focus of pharmaceutical research.

Furthermore, peptides can be used as artificialgmition sequences of specific receptors
and, hence, to develop new peptide-based drugslPJLIThese specific receptors can
also be used to detect the target molecules imserwther solutions [REI02].



2.1.2 Solid Phase Peptide Synthesis

Conventionally, scientists can get proteins and pkptides by artificial cloning method.
The genetically modified cells are incubated, brok@, and then recombinant isolated.
However, the artificial cloning method is laboricarsd resource consuming, because for
each peptide a clone should be generated andgulrifiherefore, chemical synthesis is
more preferable in several applications. This methises essential cell extracts and
synthesizes peptide from mRNA or DNA. It can evgntlsesize complete protein. The
problem of both methods is that scientists caneetgh any sequences with non-standard
amino acids and other monomers at will, while saefuences can be very useful. In
living organisms, peptide with non-standard amirods has longer half-life than
peptides with standard amino acids, which can be quickly degenerated by peptidases
[OTVO08, NES09]. Some peptides with non-amino-acionomers can even be used as
electron transferring material in solar cells [EGB]

The main method for chemically synthesizing peintelab is called solid phase peptide
synthesis (SPPS) or Merrifield synthesis technifER 63, MER 64-1, MER 64-2].
This method can synthesize peptide with amino dcaia C- to N-terminal, and enables
researchers to synthesize peptides with non-stdradaimo acids.

The basic process of Fmoc peptide synthesis is showFigure 2.1[ATH89]. This
technique is based on small, insoluble, porousnrdmads. The resin beads are
functionalized so they can form covalent bonds wihb COOH-terminals (carboxyl
groups) of amino acids. . The COOH-terminals atevated by reagents before so they
can couple to the linker groups on the resin. Afiter amino acids couple to the beads,
the synthesis residues, such as excess amino awidseagents, are washed away. The
amino acids are immobilized on the resin beadsthey will not be washed away
together with the synthesis residues during theafibn process. Then the protecting
groups (Fmoc or Boc) are removed from the couphatha acids, so the Nfterminals
(amino groups) of amino acids are released for wexpling reaction with activated
amino acids. Again, the residues are washed awhthbpeptides are still immobilized
on the resin beads. This "coupling-washing-deptotgevashing# cycle is repeated to
couple amino acids till the whole peptides arelsgsized. Then, the peptides are cleaved
from the resin beads with anhydrous hydrogen ftiear trifluoroacetic acid (TFA).
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Figure 2.1: Fmoc peptide synthesis. (a): The resaxs are functionalized with linker, so
the beads can react with COOH-terminal. (b): Thes&fminal couples to the carboxyl
group of the amino acid. (c): After coupling, theused chemicals are washed away, and
then the Fmoc protecting group is removed. The a@xino acid couples to the NH
group of the previous amino acid. (d): The couple-wash-deprotect-welghrepeats till
the whole amino-acid sequence is synthesizedT{®:side-chain protecting groups are
removed from the synthesized sequence [ATH89].



The advantage of this SPPS method is that the gweptides can be washed to
remove the synthesis residue after each coupliagtiom. It is because the growing
peptides are immobilized on the resin beads. A bigless of each building block can be
used so that the yield in each step can be vety. Aige yield is extremely important for
peptide synthesis. For example, if the yield is 98%ne coupling step, the final yield of
a 26-mer peptide will be (99%8)= 77% or even lower. If the yield is 95% in one
coupling step, the final yield of a 26-mer peptiddl be only (95%}° = 25%.
Therefore, the high yield of SPPS is an importaivbatage of peptide synthesis.

2.1.3 Peptide Array and Combinatorial Synthesis

The SPPS method enables the scientists to synthesize a large amount pégtides.
However, there are huge amount of different pepti&er example, a 10-mer peptide can
have at least 20 combinations of amino-acid sequence. If the othenomers, such as
unnatural amino acids, are considered, the combimawill be even more. In addition,
the analysis of one peptide at one time is time @sdurce consuming. Therefore, the
peptide array technique has been invented to amahany different peptides at the same
time [EIC05, FRAO02-1, LIUO3].

The peptide array has different peptide spots bstsates such as glass slide or petridish,
and the spots are immobilized on the functionaligadaces. The fluorescently labeled
probes (target molecules) will hybridize with theag and only specific peptides will be
stained with the probes. The scanning results efflttorescently labeled spots will then
be analyzed.

Based on the peptide array synthesis techniquesaiic phase synthesis uses some other
monomers, in addition to standard amino acidspag ks the monomers have carboxyl
group (COOH-terminal) and amino group (Ntérminal) for the coupling reaction.
Hence, the sequences can not only be used as gefliid also have other possible
applications like light harvesting intermediate (isolar cell) [EGB].

2.2 Current Technique for Peptide Array Synthesis

As described in section 2.1, the peptides playngportant role in proteomic and human
biochemistry research. Some peptide researchds asugeptide-sequence design, should
test hundreds to millions different peptides. Thanes a technique for analyzing large



amount of peptides at the same time is necessarg. dD the techniques is coupling
different peptides onto one substrate, and it liedgeptide array. The peptide array can
be used to analyze 96-768 peptides at one time][IB it is more time and resource
saving than one-by-one peptide analysis [EIC05, GRA, LIUO3]. However, 768 spots
on one slide are still not enough for current neetis10-mer has 28 possible
combinations, which is far more than the curremtspmber on one slide. In addition,
the yield of the peptides on spot should also h@awved for the spot-detection accuracy.
To solve these challenges, especially the costyrtemniques were invented for peptide
synthesis. These challenges and solutions areibed@nd discussed in this section.

2.2.1 Challenges in Peptide Arrays

2.2.1.1 Maximizing the Spot Density and Minimizimg Cost per Spot

As mentioned before, some peptide researches shestdlarge amount of different
peptides. A 10-mer peptide, which is synthesizetth @D kinds of natural amino acids,
has about 1§ possible combinations. The conventional peptidayarhave 96-768 spots
per slide, so the cost per peptide spot becomedstiereck for peptide research. Since
the expensive chemicals and amino-acid monomersedese the same for same area,
increasing the spot density can decrease the tesich peptide spot.

For conventional SPOT synthesis technique, the amaitids are deposited onto the
substrate in droplets [FRA02] and the spot densitimited by the liquid characteristics,

like evaporation and spreading. The details of SR@thesis are described in section
2.2.2 and the new techniques invented to enharespbt density are described in the
following sections.

2.2.1.2 Length of Peptide Chain and Yield

While the peptides produced by artificial cell dlugn have thousands of amino acids, the
length of synthesized peptide is limited by theptmg efficiency. The yield of peptide is
defined as the number of desired peptides dividgdhe number of total peptides
synthesized in one spot. Equation 2.1 shows tladioakhip between coupling efficiency
(E) of amino acid and yieldy] of resulting peptidesY is the product oOE; of each step.

Y E (Eg. 2.1)



For example, if the coupling efficiency is 95%, tyield for a 26-mer peptide is only
(95%Y° = 25%. If the coupling efficiency is 99%, yieldrfa 26-mer peptide can be
(99%Y° = 77%. The yield and peptide length become a tfideecause of the
non-perfect coupling efficiency. Therefore, enhagcthe coupling efficiency is also a
critical issue for enhancing the length of pepsdguence.

2.2.1.3 Time Needed for Amino-acid Deposition

Depositing the amino acids onto the assigned sgoiskly is also important. If the
activated amino acids can not couple to the dedilidgiterminals in few minutes, they
will couple the other compounds in solution anddree useless.

Besides, if the droplet deposition process takes Iltlng, the solvent evaporates.
Eventually, the concentration of amino-acid drapletill be different throughout the
whole substrate surface [FRA 92, FRA 02].

2.2.1.4 Enhancing the Detection Sensitivity

The quality of peptide spots and the substrate drackd influences the spot detection
and analysis. Some issues can be considered fgptiie and substrate. First, the number
of correct peptides on one spot should be maximizedhat the scanner can even detect
the signals from low binding ratios. Second, thetje amount per spot should be
homogeneous all over the slide, or the bindingcifficy between different peptides can
not be compared. Third, the substrate surface dhmeilblocked to prevent non-specific
binding, so the background will not have misleadmagkground signals.

2.2.2 SPOT Synthesis

SPOT synthesis is the most commonly used techrfigu@eptide-array synthesis. In
SPOT synthesis, the droplets of amino-acid solwi@ndispensed onto the planar surface
of a porous membrane (Figure 2.2). When the amiittséhave been deposited on to the
substrate, the coupling reaction is carried outrionolayer synthesis [FRA 92, FRA 02].
To ensure most activated terminals can be coupittdamino acids, excessive amount of
amino acids are added for reaction in the hemispdledroplet on the substrate. The
SPOT synthesis has several advantages: (1) relaiideeasy experimental procedure
with automation system, (2) inexpensive equipmesetds and (3) flexible array.
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Figure 2.2: The SPOT technique for depositing araicid onto substrate. The pipette or
jetis used to drop amino-acid solution on to défe spots on the surface for synthesis.

The disadvantage of SPOT technique is low spotityenBhe spot density is limited
because the liquid droplets spread on the subsitatace. When two droplets are too
close to each other, they will merge and mix wlcleother. Thus, the distance between
spots should be sufficient, and the maximum spasitie of SPOT technique cannot be
higher than 25 spots / émThe liquid spreading relates to the dispensedinel
absorptive capacity of the surface and the surfewsion property between surface and
liquid.

The evaporation of amino-acid solvent is anothebj@m. The solvent evaporates during
the whole deposition process, so the solution aunaton of former droplets is higher
than the later droplets. The evaporation problenoiyes more critical for small volume
droplet, which is necessary for high spot densidence, the spot density and
homogeneity of droplet deposition becomes anothadetoff owing to the droplet
volume.

2.2.3 Photolithographic Synthesis

A breakthrough on the spot density of combinatorsginthesis was made by
photolithographic method, and density of*&pots / cris reported [FOD91]. The
concept of the photolithographic synthesis is dbsdrin Figure 2.3. The Niterminals
are protected by photolabile protecting group, so the-tdHninals can be activated by
the light, which is already patterned by lithograpmask. Then, the activated area will
couple with amino acids protected by photolabileugs. Following that, another area
will be activated by light and couple to next amiads. The light activation-coupling
cycles continue till all the monomers are coupled.
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Figure 2.3 (a): The NHterminal on substrate is protected with a phoitdabrotecting
group X. The photodeprotection is caused by lighiich shines through the transparent
patterns of a lithographic mask. (b): The Nirminals on the exposed sector are
deprotected for coupling. (c): The amino acid Ahwjihotolabile protecting group X
couples with the deproteced MHerminal. (d): Another sector is exposed to thghti
with another mask for photodeprotection. (e): Amemmd B with protecting group X
couples with the deprotected BHerminal. (f): Additional photodeprotection and
coupling are executed to complete the whole syrghgOD91]

The array pattern of photolithographic method ca@&ach 100-nm scale, so the
synthesized peptide spot can be much smaller terspgot of SPOT technique. A spot
density of 18spots / criwas reported by Fodor.

However photolithographic method needs excessiwglow cycles for peptide array

synthesis. For one monomer synthesis, this mettemtisr one coupling cycle, so 20
coupling cycles are needed for one monolayer sgighdhat is, an array with 20-mer
peptides needs 20 (mer) x 20 (amino acids) = 400pling cycles). Such large number
of coupling cycles results in many side reactiod Ebmg synthesis time. In addition, 400
expensive lithographic masks are necessary to ddowombinatorial synthesis. Because
of the excessive-coupling disadvantage, this phbtmrapic method is mainly used in

synthesis with nucleotides, which have only 4 bogdlocks [BRE11].
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2.2.4  Solid-particle Based Synthesis

To solve the problem of excessive coupling cyclesnf photolithographic method and
density limitation of SPOT method, solid-particleynthesis was developed. In
solid-particle method, the amino acids can be seldaat the same time for monolayer
synthesis, so the coupling cycles can be 20 tires than the photolithograpic method.
The spot density of solid-particle method can &lsd d spots / crA[BEYO07].

2.24.1 Solid Amino-acid Particles

In solid amino-acid particle method, the amino aeids encapsulated into solid particles
and then deposited onto substrate for synthesesrdsulting spot density (400 to 10,000
spots / crf) can be much higher than that of SPOT synthedissfidts / crf) and the
coupling cycles can be 20 times less than photgithphic synthesis.

F F
ﬁ I
CH—C ) C N HC c—oO F
H, |
R
Side chain group
F F
Fmoc Amino acid Opfp

Figure 2.4: Fmoc-amino acid-Opfp, the Ntérminal is protected by Fmoc group and the
carboxyl group is activated by Opfp group [BEYO7].

As shown in Figure 2.4, the amino acids are pretectin Fmoc
(9-fluorenylmethoxycarbonyl) and OPfp (pentafludiepyl) ester compound, like SPPS
synthesis. Then this Fmoc-amino acid-OPfp compdafébo w/w), resin (60% w/w) and
other constituent parts are dissolved in acetorfierwards, the whole solution is dried
and the dried matrices are milled into particlethwwinnower (100 MZR, Hosokawa
Alpine AG) and air mill (Hosokawa alpine 50AS). Beesolid particles with amino acids
will then be deposited onto substrate for peptide synthesis [BEYO7][STA08-1]

When all the 20 kinds of amino-acid particles aepasited onto the substrate, the
particles are melted to release the amino acidsdopling (Figure 2.5). The melting

point of particles is designed to be between 690°C3 °C so that the particles will not
melt at room temperature and the amino acid willb@destroyed during melting.
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(a) 20 kinds of partlcles are  (b) Particles are melted to (c) Monolayer of coupled
selectively deposited release amino-acids amino acids

Figure 2.5 (a): The amino-acid particles are dépdpnto substrate and then (b): melted
to release amino acids for coupling. (c): The udussidues will be washed away.

Comparing with SPOT synthesis, the solid amino-gadicle technique is superior in
spot density and physical characteristics. Fosgia density, the minimum size of liquid
droplet is about 5 pL [STAO08-1], while the sizesdilid particle can be 0.1 pL. That is,
the size of solid particle is about 500 times seralhan liquid droplet. In addition, the
melted particles will shrink on the surface white tdroplets spread. Hence, with proper
deposition technique, the spot size of solid-pkrtroethod can be significantly smaller
than that of SPOT method. For the physical chanaties, the droplet used by SPOT
synthesis will evaporate and result in inhomogeseamino-acid deposition throughout
the surface. Because of evaporation, the amino-saidtion will become sticky and
block the jet.

Comparing with photolithographic synthesis, thelegmeeded for solid-particle method
are 20 times less than photolithographic methocki2@s of amino-acid particles can be
melted to synthesize a monolayer at the same tihige photolithographic method need
one cycle for each monomer coupling. Therefore, solid-particle method neeth less
time and has less side reactions than lithograpleitod.

Unlike SPOT method, solid amino-acid particles cdrive deposited with pippet or jet,
so new methods are developed to address the particito the substrate. These new
methods include laser printing method and electmxels on CMOS chip.

2.2.4.2 Solid-particle Based Synthesis Wwiiser-printer

The solid amino-acid particles can be depositet aylass slide by laser printing
technique, which is used to print toner particlatogpaper [STA08-1]. The spot density
of laser printer (400 spots / éris 16 times higher than conventional SPOT teamiq
(25 spots / cf).

Figure 2.6 shows the basic concept of laser pgnfithe printer design was based on the
OKI C7400 commercial printer [OKI]. The surfacetbé organic photoconducting (OPC)
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drum is uniformly charged by the corona. Then, del# charged areas are illuminated
and neutralized by light, so the triboelectricatligarged particles can deposit on the
neutralized area. The charged particles are traesf@nto the glass substrate with strong
electrical field (4 kvV/mm), and will be melted telease amino acids for coupling.

Light source'
Corona applies \_ °| Charge

negative ions ~drum

_Transportation
drum

Glass substrate
——

Figure 2.6: Particle deposition by laser printiaghniques. The corona connects to a high
voltage power source and applies negative ions thretootating OPC drum. The charged
drum is selectively neutralized by light. The nalired area takes the triboelectrically
charged patrticles and prints them onto glass satlkstwith 4 kV/mm electrical field.
[STA08-1]

Figure 2.7(a) shows laser printer with 20 differantino-acid units for the amino-acid
particle printing. The 20 different types of paki are deposited onto glass slides in the
long box. The printing process is controlled by pomer. The glass substrate with printed
amino-acid particles is shown in Figure 2.7(b).

15



(a) (b)
Figure 2.7 (a): The laser printer for printing 2@ds of amino-acid particles onto glass
substrate. It has 20 cartridges for 20 amino-ammett particles, so it is much longer than
the normal PC printer, which has only 4 toner dadgs. (b): The 20 x 20 cm glass
substrate with printed amino-acid patrticles. [PEPPE

The corona in the laser printer rotates about Ig6ps in 20 cm, which is the size of
the glass substrate. This resolution is abofipb@ls in the 20 @20 cnf area (i.e. 2.5@

10’ pixels / cn3). However, the pixel resolution does not represeot density. The spot
density based on laser printer technique is 40@sspenf. It is limited by the laser
printer and its software, which is designed for hareye resolution. The printer has 20
drums for 20 amino acids. During printing, the glasbstrate is moved beneath the
drums one by one and be loaded with different araitid particles. Therefore, aligning
the printing of the 20 drums onto the glass substsadifficult. In addition, the particles
can not be fully loaded on each pixel, so sometjpos do not have enough particles on
the pixels [STA08-1].

2.2.4.3 Solid-particle Based Synthesis with CMOig-ch

Beside the laser printing method, CMOS chip is heomethod developed to address
solid amino-acid particles onto the substrate [BElYU'he spot density of CMOS-chip
method is 1Hspots / cry, which is 25 times higher than the density of lgminter
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method. The CMOS chips developed for particle digiooshave 10 - 4 x1d electrode
pixels per criand each pixel is programmable to be switchedrasffoWhen a pixel is
switched on, it has 100 Volt on its surface. Thecelcal field from pixels will address
the negatively charged amino-acid particles onéostivitched-on pixels [NES08] (Figure
2.8). Then the pixels are switched off and somerofiixels are switched on to address
another kind of amino-acid particles. After all fherticles for a monolayer are addressed
onto different pixels, the particles are meltedaaple amino acids onto the substrate.

The negative charges of particles come from tribctelcal friction. Compressed air is
injected into the particle reservoir and producebulent aerosol. The particles in aerosol
turbulence rub against the walls of reservoir armef and charged the electrons from the
plastic walls. The charge to mass ratio (g/m valag)the triboelectrically charged
particles is about -4C/g [NESO7-1, NES10-1].

Negatively ch.arged particles

(a) CMOS chip with chemical (b) Particles are attracted by
coating electrical field
(c) Particles are deposited (d) 20 kinds of partlcles are
onto pixels selectively deposited

Figure 2.8 (a): The chemical coating on CMOS chas WNH groups for amino-acid
coupling. (b): The 100 Volts on switched-on pix&lduce electrical field to attract the
triboelectrically charged amino-acid particles. @articles deposit only on the switched
on pixels. (d): Particle-deposited pixels are tdro#f. Some other pixels are switched on
to attract another kind of amino-acid particles 20D kinds of particles are deposited in
desired pattern [BEYO7].

The spot density of CMOS chip (6pots / crf) is 25 times higher than the spot density
of the laser printer (400 spots / dmand it can be even higher [KON10]. However, ¢her
are still challenges for the CMOS chip methods:Tfh¢ pixel area of the CMOS chip is
only 1.28 x1.28 cf so it can only produce only ~1.6 ¥18pots per chip. (2) The
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CMOS chips are expensive (~ 400 Euro / piece)T{® chip can be easily damaged by
the chemicals in synthesis process or high voltagerinting process, even though the
chip surface has protective coating. (4) The chipfage is uneven. Owing to the

electronic circuits on the chip surface, the pixatl grids on the chip surface have
different height. An uneven surface disadvantagpeshomogeneity of the synthesized
array. These disadvantages can be solved if théioatorial synthesis is conducted not
on CMOS chip but on glass substrate, which is aleapore chemical robust, and more
even than the CMOS chip.

In short, the advantages of CMOS-chip based sdalitighe synthesis can be taken, and
the chemical disadvantages of CMOS chip can beedolwy transferring patterned
particles from chip onto glass. This dissertatieparts the realization of this concept and
discusses the results.

2.3 On-slide Synthesis by Means of CMOS Chip

As mentioned in section 2.2, the solid-particledohsynthesis has higher spot density
than the spot density of conventional SPOT syn#hdstcause the solid particles are
smaller and more stable than droplets. The solitgb& based synthesis is also better
than the photolithographic synthesis in terms o# thumber of coupling cycles.
Furthermore, comparing the two solid-particle addmy methods, the CMOS-chip
method has higher spot density than laser-printethads, but has some chemical
disadvantages. We can keep the advantages of CM{PSroethod and solve the
chemical disadvantages by transferring the pattepseticles from chip onto the glass
substrate for synthesis.

In my Ph.D. work, a CMOS-chip based "printer# wagthio print amino-acid particles
from CMOS chip onto the glass substrate. Consetyyaht array was synthesized on
the glass substrate but no longer on the chip. it chip printer, the CMOS chip is
now reusable, and the array is synthesized onl#ss gubstrate, which is cost-effective,
robust to chemicals, and already well adaptedhferbiochemical application. In addition,
the chip printer can print particles onto differanéa on the chip, so the spots synthesized
on glass substrate can be 2-4 times more tharptite synthesized on chip. Accordingly,
the density is 1Dspots / criso one substrate will have 3.2 2106.4 x18 spots per
slide.
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In this CMOS-chip based printing system, the amanm particles are first negatively
charged and deposited onto the CMOS chip in theretbgattern. Afterwards, the
particles on the CMOS chip are moved from partotidets to the glass substrate, which
is the microscope glass slide (75 mm x26 mm) HEnen the particles are printed from
the CMOS chip onto glass slide with 3 k Volt/mmattesal filed. After the amino-acid
particles are printed onto the glass slide, they raelted to release amino acids for
combinatorial synthesis. This system should autmaly deposit 20 kinds of
amino-acid particles on the CMOS chip and thentghe particles onto the glass slide
for peptide synthesis.

The basic functions of this chip printer systemude:
Stir the amino-acid particles into turbulent aetoand triboelectrically charge the
particles.
Address the amino-acid particles form the aergsakerator onto CMOS chip and then
print the particles onto glass slide. The printiregroducibility should be smaller than
10! m, since the pixel size is 100n.
Parallelize the CMOS chip with glass slide. Thier@ance should be less than &d.
The chip-to-slide distances should be unified througttwipixel area, so the particles
can be transferred onto glass slide uniformly aordectly.
The CMOS chip, which is used as the printing hedthuld get the 20 different
amino-acid particles from separate aerosol oufletswithout contamination.
Blow away the remaining particles on the chip raftenting, and recycle the particles
which are not deposited on the chip in aerosol.
Provide the software and user interface.
Monitor the particle deposition quality.
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3. CMOS-chip Based Printing System

This chapter describes the design and construcifioa CMOS-chip based printing
system. With this printing system, the high spatsity advantage of chip-based
synthesis can be kept and the chemical disadvardfdglee chip can be solved. The
printing system uses the CMOS chip as printing headddress the particles onto the
electrode pixels and then print the particles dhtoglass substrate. Besides, the CMOS
chip has been designed and developed [KON10-2], tued prototype of aerosol
generation system has also been constructed [LOAI@refore, this printing system
construction should also consider adapting theegy$or the chip and aerosol system.

3.1 Requirements and Limitations of the System

3.1.1 CMOS Chip for Particle Deposition

Complementary metal-oxide-semiconductor (CMOS) iteehnology to construct the
integrated circuits. CMOS can be used to make 8igfital, such as microprocessor, and
analog circuits, such as electronic amplifier. br @pplication, the CMOS composes
high voltage pixels, which can provide 100 volt address the amino-acid particles.
CMOS consists of N-type metal oxide semiconducktiMQS) and P-type metal oxide
semiconductor (PMOS). Figure 3.1 shows the basictsire of NMOS. The n+ area is
made by doping group 6 elements in silicon anaiit provide extra conduction electrons.
The p-type body is silicon doped with group 13 edaets and provides conduction holes.
When the voltage applied across gate and sourgg i8/0, the NMOS is in "cut off#
state. In cut off state, the current from draisoarce (ds) is 0. When the voltages applied
across gate-source ¥ and gate-drain (§) are both higher than the threshold voltage, a
conduction electron channel will be induced bend#aghdioxide insulator. In this "linear
state#, the current from drain to sourcg (5 proportional to the voltage across drain to
source (M), so the NMOS is "switched on.# When thgi¥ smaller than the threshold
voltage and ¥sis bigger than threshold voltage, the area betwge¢s and drain will still
have no conduction electrons or holes. In thisestidie currentgl is independent to the
voltage \Vis [SEDOA4].
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Figure 3.1: Structure of N-type metal oxide semégstor (NMOS)

For safety reasons, the operating voltage shouldrdmiced together with the

miniaturization of the CMOS-chip feature size. Teyent electrical breakdown, the
applied voltage should be scaled alone with theiged thickness of gate oxide layer.
Another reason is that the power density increésgsther with the decreasing feature
size. Therefore, the electronic microprocessors atays are operated with voltages
lower than one volt. However, we need high voltég@und 80 volt) from the pixels to

address particles correctly onto the chip pixelné€, the small pixel size (i.e. high spot
density) and high voltage become trade off. Sonmeig®ductor fabrication techniques
have been introduced to prevent the chip from beilagnaged by high voltage

[KON10-2].

To prevent the gate-oxide breakdown, the voltagesacthe gate oxide should be limited.
In our case, the  and Vyq could be up to 100 V and the,\should be only 7 V. To
prevent avalanche effects when the transistor fem#, an established method is lightly
doped drain (LDD). LDD decreases the field gradiaattthe pn-interface, so the voltage
threshold of impact ionization is increased.

Some other measures to prevent breakdown includg genductive plates to shape the
electrical fields, and limit the channel lengthtloé devices.

Figure 3.2(a) shows the CMOS chip designed to additee monomer particles onto the
chip pixels with electrical field [KON10-2]. The QBB chip has 16,384 electrode pixels
on the surface and the pixels are 100 x 98, Every pixel is programmable and can be
switched on or off. When the pixels are switchedtbere will be 100 volt on the pixels
to attract the particles. On the contrary, the cvat-off pixels have no voltages and
cannot attract particles.
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Figure 3.2(a): The CMOS chip on the support, pdrt&cuit board (PCB). The areas of
the pixels are the large golden or silver ared@ndenter of each chip, surrounded by the
dark seal area. The bond wires and bond contagtsrathe right side of each chip. They
are wired to the PCB connector on the right edgthefPCB. [KON10-2] (b): The chip
pixels with deposited toner particles. The blueetoparticles deposit only on the
switched-on pixels and no particles deposit orsthigched-off pixels.

3.1.2 Aerosol Generation System

The amino-acid particles are deposited onto the SM®Bip in the desired pattern, and
then printed onto the glass slide. To address #@necfes onto chip, the chip is placed in
particle aerosol so that the particles can beaédaby the electrical field form the chip
pixels [BEYO7, LOF10]. An aerosol generation systdras been developed for
generating the aerosol for particle deposition. &kgeriments also show that the system
should be able to generate dense and homogeneditepaerosol, which is important
for thick and homogeneous particle deposition @@@MOS chip.

The concept of the aerosol generation system mwisho Fig. 3.3. The transport air goes
into the particle reservoir and induces turbulence. In the turbulence in reséneoir
particle powder is stirred and transformed intcoael. The aerosol is pumped out from
the reservoir with transport airflow and the densitcontrolled with the dosage airflow.
The particles have friction against the walls ofemoir and tube, so they are
triboelectrically charged (g/m is around MC/g). Then, the generated aerosol goes
through a sieve on the aerosol outlet. !1 kV is leggpto the sieve to accelerate the
particles and prevent the negatively charged pestitom aggregation. Afterwards, the
particle aerosol goes perpendicularly to the CM@p and the particles are addressed
onto the pixels [LOF10].
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The aerosol is generated and jetted out when toahapflow comes in. The dosage air
controls the density of the aerosol. Besides, aratbmpressed airflow vibrates the tube
to prevent particle aggregation. All the airflowancbe switched by electrical valves,
which are controlled by the Twincat Beckhoff system

CMOS chip

Dosage airflow
— \ 0 % 0

: g o T _
-1 kV sieve

Transport

airflow ‘ \. ./

— " [Aerosol outlet

Particles are triboelectrically
charged in reservoir and tube.

Particle

reservoir

Figure 3.3: The aerosol generation system. Thecpestin the reservoir are stirred and
pumped out from the reservoir by the compressedTaie transport airflow pumps out
the aerosol and the dosage air controls the aemsosity. The particles are then
triboelectrically charged by the friction againse twall of reservoir and tube. At last, the
particles go out from the aerosol outlet and depogb the CMOS chip [LOF10].

23



3.1.3 Requirements of the Printing System

Given the CMOS chip and aerosol generation systieenbasic functions of the printing
system are getting the particles from the aergsikbsn with the CMOS chip and printing
the particles onto the glass slide (Figure 3.4)e Tprinting reproducibility and
homogeneity are important issues of the printingtesy, since they directly influence the
correctness of the synthesis result. Thereforesttetions for printing reproducibility
and homogeneity were discussed first. Then, theraglgstem components for quality
control of particle deposition, particle recyclirend user interface were developed. At
last, the whole printing process was automatedisst/stem.

CMOS chip CMOS chip
100 Volt on 100 Volt off
J
/ Lz E— /{@
O
WY |
=/ V/ e T
Amino-acid particles Clean glass slide
(Negatively charged)

Figure 3.4: The basic functions of the printingteys. The CMOS-chip should be moved
to the aerosol outlet to get the generated amibgmrticles. The particles are addressed
onto the switched-on pixels with electrical fieldlhen the chip, together with the
addressed particles, is moved to the slide anatgu# on to the glass slide with high
voltage (-3 kV). For ideal printing, the chip shdue parallel to the slide and should
print onto the same position reproducibly.
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3.2 Homogeneity and Reproducibility of Particle
Printing

The printing homogeneity and reproducibility areotfiundamental issues of system
construction because they directly influence thetlsgsis results. Therefore, the system
design should consider the solutions for theseissoes first. To find the most feasible
solutions, the mechanical, elastic material andsemethods are discussed.

3.2.1 Methods for the Homogeneity of Particle Prinhg

The yield and quantity of synthetic peptides onefixshould be homogeneous, so the
binding efficiency between peptides and targetshmporrectly analyzed. To synthesize
peptides on the surface homogeneously, the amduatnmo-acid particles printed on
each spot should be unified throughout the sulestrsd the amount of amino acids
joining the coupling reaction can be homogeneousstMamino-acid particles are
transferred from chip onto substrate by means dféV8nm electrical field, and some
particles are transferred by adhesion force. Tabiprint particles homogeneously, both
the electrical field and contact pressure betweirel parea and substrate should be
homogeneous. Therefore, the chip-printing systeroulsh parallelize the chip and
substrate. Since the particle diameters are abéutr3, the parallel tolerance through out
the CMOS chip surface should be less thahrh0

The possible methods for homogeneous particle deposre discussed and listed in
Table 3.1. The methods include mechanical desiggu(é 3.5), elastic material (Figure
3.6) or sensors (Figure 3.7). As shown in Figub£eg, the printing CMOS chip is fixed
by spring on one side, and tilted by the screw on the other Shit screw pushes the
chip, till the chip is parallel to the glass subttr This mechanical method is simple, but
the parallelity is evaluated only by eye. In FigB8r&(b), the chip is mounted onto a metal
plate, whose tilt is adjusted by three screws. Sdrews are turned till the chip is parallel
to the substrate. The tilthess of metal plate dadsgsubstrate is measured by a distance
meter. Assuming the thickness of the metal plateniform, the chip will be parallel to
the substrate when the metal plate is parallehéosubstrate. In Figure 3.5(c), the glass
substrate is fixed on a rolling shaft. When thepghiesses the glass substrate, the rolling
shatft rolls till the pressure is homogeneous. Ttherglass substrate is parallel to the chip
surface.
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Figure 3.5(a): The chip is fixed with spring on ade and adjusted with a screw on the
other side. (b): The parallelity of chip is adjukteith three tunable screws. (c): The slide
is mounted on a rolling shaft so it can be parakel to the chip by pressure.

The methods with elastic materials are also consté-igure 3.6). An elastic material
such as rubber will be padded under the glassraibsso that the substrate can tilt a bit
to match the chip (Figure 3.6(a)). Simply usingedastic substrate to replace the stiff
glass substrate is also an alternative. The elastixstrate can be deformed so the
pressure between substrate and chip can also begeoeous (Figure 3.6(b)).

Slide

Elastic material
(a) (b)

Figure 3.6(a): Padding an elastic material bend#ahslide so the slide can be tilted

according to the chip pressure. (b): An elastic im@me. The pressure between
membrane surface and chip is always homogeneous.

In addition, laser reflection and contact sensercansidered to parallelize the chip with
glass substrate (Figure 3.7). In Figure 3.7(aps&i is mounted beneath the chip board,
and shines through a chink on chip board. Thereatber beam is reflected by a mirror on
the substrate and received by a CCD camera. Tlaiveeltiltness between chip and
substrate will be amplified by laser reflection aralculated by software. Then the chip
will be tilted by two tilt stages according to tbalculation results. The electrical contact
sensor is also considered for parallelity (Figur&(l®). On the CMOS chip, there are
three contact sensors and these sensors, whichecased for parallelizing the chip and
substrate. When the sensor contacts metal sudacelectric short will be formed. This
electric short can be easily detected by a simpP kircuit. Therefore, a holder is built
to reproducibly fix the upper surface of the glaabstrate in a "zero# position, i.e. in a
defined distance to the chip surface. Afterwardnetal wafer will be mounted in the
holder and the chip will be parallelized with thetal wafer by means of the electrical
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contact sensors. Then the wafer will be replacel glass substrate, and the chip is now
parallel with the glass substrate.

Contact
sensor

CMOS chip
Laser CCD
camera

(a) (b)
Figure 3.7(a): Laser reflection method. The lasenounted beside the chip, and the laser
beam is reflected by a mirror on the glass sulestiete reflected laser beam is detected
by CCD camera and is analyzed for tilting the cfl). Three contact sensors on the chip
surface. With LED circuits, the electrical conthetween sensor and metal surface can
be detected.

After comparing the methods, the contact sensohodeis adopted. The problem for
mechanical methods (Figure 3.5) is that eye evaluas not precise, and the tolerance
can not even be estimated. The problem for rokingft and elastic material (Figure 3.6)
is poor reproducibility. When the rubber is defodha@ the shatft tilts for homogeneity,
the substrate position can also be moved. The Cll@sshould print particles onto the
glass substrate repetitively, and even a smallrdeftion or shift from the rubber or
rolling shaft can result in tolerance of particlepdsition. In addition, the mechanical
methods in Figure 3.5(a) and 3.5(c) can not adhstdistance between chip and glass
substrate, while finding a proper distance for ipkrttransfer is important for ideal
printing. The laser reflection method in Figure(8)7has several problems as well. It is
difficult to align the laser and CMOS chip surfamed make them exactly perpendicular.
Besides, the CMOS chips are manually stuck on éodip board with glue, so the
tiltness of each CMOS chip on board is a bit défér Therefore, parallelizing chip board
with substrate does not represent parallelizingcthip with substrate. In addition, this
laser method is too complicated and may result in systemic tolerance.

At last, the contact-sensor method (Figure 3.7i€)nost suitable for parallelizing chip
and glass substrate, because it is simple and é@ssnmb printing reproducibility. In
addition, this method allows controlling the pmgidistance between chip and slide. The
LED switches on as soon as the electrical showdxt contact sensor and metal wafer is
induced. Therefore, the chip position of "distarize is found with the LED and the
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distance between chip and substrate can be catralith high-precision motor. With
high-precision motors, good reproducibility alsocts@es possible with the substrate
holder. Besides, the three contact sensors arecéddd on the CMOS chip already, so
there is no additional cost.

3.2.2 Methods for the Reproducibility of Particle Pinting

The peptides of a functional peptide array havé® §& even more) amino acids, so 20
amino-acid monolayers have to be coupled for aigeparray. For coupling 20
monolayers, the chip-printing system should deosiho-acid particles 20 times onto the
glass substrate. The printing reproducibility isrywamportant, since the wrongly
deposited particles result in wrong amino-acid seges. In addition, the glass substrate
will be removed from chip-printing system for cheali coupling processes, and then be
remounted into the system for next printing. Henites reproducibility of substrate
positioning is also important. The combined tolesarof substrate position and chip
printing is expected to be less than! 10, since the spot size of the chip is 100 x 100
I'm. To achieve this reproducibility, several methagls considered and listed in Table
3.2 and Figure 3.8 ! 3.10. These methods includeharical, optical, and magnetic
methods.

Fixing the relative position between chip and statetmechanically was considered first
(Figure 3.8). Figure 3.8(a) shows wedge methodragare 3.8(b) shows holder method.
In Figure 3.8(a), the substrate is fixed on a platd four guiding holes, and the chip is
fixed on a plate with corresponding guiding wedg&'sen the chip moves downward to
the substrate, the guiding wedges should fit tHesadAccordingly, the relative position
between chip and substrate is fixed with the wedgethe holes. Figure 3.8(b) simply
fixes the glass substrate into a holder with reference poles. Thisrhzan also fit the
needs of the holder made for contact sensor mgthigdre 3.7(b)), because the contact
sensor method needs a fixed substrate as well.i3hhis holder solution can be used to
solve both homogeneity and reproducibility probleMéth springs, the glass substrate
can be fixed in the holder. The substrates caretmoved for chemical process and then
remounted into the exact original position. Fostimethod, the chip should be moved to
exact same position as before, so the chip printeag be on the same position on the
substrate.
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. *Glasg e

L
Guiding holes ﬁ
(a) (b)
Figure 3.8(a): The wedge method. The relative mysibetween chip and slide is fixed

with guiding holes and wedges. (b): The holder méthirhe glass substrate is fixed in
the holder with springs.

G ass_

Spring

Optical methods are also considered to align thye @hd glass substrate (Figure 3.9). In
Figure 3.9(a), markers are used to align the chipsubstrate. Two transparent glasses
with markers will be mounted to the glass substrate and chipaselya The relative
position of the two markers will be observed witicrascope. When the markers overlap
with each other, the chip is aligned with the srtdist In Figure 3.9(b), the marker is
replaced with different aperture patterns. A masth wlifferent aperture patterns is
mounted on the chip and another mask with chinknainted on the glass substrate.
Beneath the chink mask, there is a laser lightisgithrough the apertures. By observing
the aperture patterns, the relative position betvetgp and glass substrate can be located.
The chink can also be replaced by a scanner (F§9(e)).

Marker plate of chip

Microscope
Marker — chip Chink
L | Marker plate of slide Apertures
g Glass substrate &T;ht cource
(2) (b) ©)

Figure 3.9(a): Marker method. Two glasses with reeskvill be mounted on the chip and

substrate. With a microscope, the two markers @aligned, so the chip and slide are
also aligned. (b): Aperture pattern method. By olieg the aperture patterns through the
chink on slide, the chip can be located and mowedadrrect position. (c): Scanner

method. The chink can be replaced with electricahser for automation.

Commercial position gauge is also considered (leidgufi0). The gauges can be mounted
on substrate and chip to measure the relativeipoditetween substrate and chip. The
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electronic gauge can detect the motion ofl @il(Figure 3.10(a)) and the optical gauge can
detect 0.9 m motion (Figure 3.10(b)).

(a) (b)
Figure 3.10(a): Electrical gauge. The detectiomltgmn is 0.1! m. (b): Optical gauge.
The detection resolution is O.n.

Considering all the methods mentioned in Table&h@ Figure 3.8 ! 3.10, the wedge
method (Figure 3.8(a)) is quite difficult becaudetiee friction between the holes and
wedges. For high precision, the holes should &t wedges, so the friction can be too
strong to move the chip up and down. The opticathows (Figure 3.9) have three
problems. First, the markers and apertures shaufddunted to the chip and substrate, and
the mounting may damage chip and substrate surfemond, the alignment should be
done manually and limits the automation of printaygtem. Third, mounting a microscope
or scanner in the chip-printing system to obseheealignment also limits the geometry
design of whole system, since they are both spaosuning. For commercial gauges
(Figure 3.10), no gauge can be mounted to glasstrsud. Therefore, only the holder
method (Figure 3.8(b)) fits the need of chip-pngtisystem. Another advantage of the
holder method is that the holder is also used intamd sensor method for printing
homogeneity.

3.2.3 Design for Homogeneous and Reproducible Pring
3.2.3.1 Design of the Devices

As discussed, the contact sensor method (Figui®)3.&nd the holder method (Figure
3.8(b)) fit the need and are most cost effective Homogeneous and reproducible
printing. Therefore, a holder for reproducibly figi the glass substrate is designed. With
this holder, the substrate can be parallelizechéochip with contact sensors, and print
reproducibly with high precision motors. The hol#edesigned to fix 76 x 26 x 1 nmim
rectangular stiff substrate, i.e. the microsco@sgislide, which is most commonly used
for peptide-array substrate.
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Functions

Possible solutions

Uniform distance or 3.1.1 3.1.2 3.1.3
homogeneous pressure betweenAdjust the tilt of chip with spring | Adjust the tilt of chip with three| Rolling shatft.
chip and slide and screw. Screws.
(Error 10! m) Spring Distanke Tunable @
Scre meter screws Iron plate g
hip SN
Substr Rolling shaft
Advantages 1. Simple structure. 1. Can be tuned and fivsdlg.eal. Simple structure.

Disadvantages

1. One dimension adjustment.

3. Can not decide the distance
between chip and slide.
4. The design of the chip motion

system will be difficult.

2. Manual adjustment, not precis¢

1. The parallelizing adjustment
slabor consuming.

2. The chip pasted on the chip
board is not parallel to chip
board.

isl. Poor reproducibility.
2. Can not decide the distance
between chip and slide.

Possible solutions

3.14
Putting an elastic material undel
the stiff glass substrate.

Slide
Elastic material

3.1.5

Deposit particles onto membran
and then pump air into the
membrane.

3.1.6

el.aser reflection.

CMOS chip

Laser

3.1.7
Contact sensors on CMOS chip

Contact
sensor

1. Very simple and fast.

1. Very simple and fast.
2. Can control the stiffness by
pumping air into it.

1. Can build a feedback loop for
automation control.

1. Structure is simple and robus
2. Needs to be tuned once for o
chip.

1. Poor reproducibility.
2. Can not decide the distance
between chip and slide.

1. Poor reproducibility.
2. Should find membrane with
chemical robustness, and prope

particle deposition quality.

1. Should align the laser with ch
and align mirror with glass.

r2. Too complicated and will resul

in systemic tolerance.

0,1. The parallelizing adjustment i
labor consuming.

t

)

Table 3.1: Solutions for the printing homogeneitiie Bolution with yellow background (3.1.7) is the chosen solution.
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Functions

Possible solutions

3.2 Reproducibility of particle
deposition

3.2.1
Guiding weges and holes.

3.2.2

3.2.3

Fix the output substrate in holdeMarker on glass

(Error 10! m) -y __ 4 ’_/'1/ with spring and then move the Microscope
Il Il chip with high precision motor. Marker chi
- = Guidin — L
e 2 e Sliding 1
Glass holes
i |
U Spring Glass substrate
Advantages 1. Simple structure. 1. Simple structure.

Disadvantages

1. The friction may be too
strong if 10 um tolerance is
required.

1. Needs good mounting skills
for good reproducibility.

1. May damage the slide and chip.

2. The positioning can not be
automated.
3. The microscope limits the

geometry design of whole system.

Possible solutions

3.24
Laser barcode

Marker plate of chip

Apertures

of slide O Light source

3.25

3.2.6
Magnetic gauge

3.2.7
Electrical gauge
Heidenhein company

1D, precision: 0.5 m.
2D, precision: 2 m.

1. High precision.

1. High precision.

1. May damage the slide and
chip.

2. The positioning can not be
automated.

1. May damage the slide and
chip.

2. Could be automated with
scanner.

to slide.
2. The gauge can not survive
chemical process.

1. The gauge can not be mountsg

to slide.
2. The gauge can not survive
chemical process

d.. The gauge can not be mountg

Table 3.2: Solutions for printing reproducibilifyhe solution with yellow background (3.2.2) is tesen solution.
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Figure 3.11 shows the holder for the glass sules{sdide). For reproducible printing, the
holder has three poles as reference points oflite 3he holder has a screw beneath to
screw upward and fix the glass slide. In betweensitrew and glass slide are a plastic
plate, a rubber pad, an Al foil and an isolatiopetafrom bottom to top. The Al foil will
be attached beneath the slide. The plastic platalistribute the pressure; the rubber pad
protects the slide from being damaged; the Al fodvides a -3 kV / mm voltage for
particle printing. The printing head (CMOS chip)nmved to the immobilized slide by
high-precision motor with 0.5m minimal incremental motion. Therefore, the relati
position between slide and printing chip can becigedy controlled with the holder and
motor. For homogeneous printing, the holder has twetal pillars, which can
reproducibly fix the upper surface of the glasdesin a !zero" position, i.e. in a defined
distance to the chip surface. From top to down,dlide is immobilized by a rubber, a
plastic plate, and a screw. Thereby, the glase slah be removed for chemical process
and afterward repositioned at the same distance fine@ !chip printing head."

Poles
Metal pillars
Rubber— Slide

76 mm

Screw

Figure 3.11: Slide holder. With three metal pillarsl the poles, the slide holder can fix
the glass substrate in the same position.

To parallelize the chip and the slide, a conductgad-coated) wafer is first mounted in
slide holder to contact the electrical contact sensn the chip surface (Figure 3.12). On
contact, the sensor and gold-coated slide formlectree contact and induced electrical
short in a LED circuit. When the LED switches on, the corresponding contact sensor just
touches the surface. The chip will be tilted by thachine, until all three sensors just
contact the upper surface of the gold-coated watee. thickness tolerance of the 76 mm
long slide is 10 m, so for the 12.8 x 12.8 nfprinting area the tolerance is about 1.68
m. The measured experimental tolerance of thidlplration is ~5 m.
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(€)

Contact sensor

Hgon chip

Gold wafer

4|

LED

Figure 3.12(a): CMOS Chip with three sensors. Thle contact sensor is a 300 x 600

m? aluminum plate fabricated on the chip surface. Tt)e circuit involves LED light,
metal plate in holder, and the contact sensor gn dhen the contact sensor touches the
gold wafer, the LED switches on. Therefore, theteleal contact is detected.

3.2.3.2 Contact Sensor

The contact sensors are aluminum plates on the GhtQSsurface (Figure 3.12). The
height difference between chip and sensor shouldrédictable, so the parallel between
chip and slide can be adjusted precisely. Besitessurface of the aluminum plate is
about 0.4 m lower than the chip surface, so it should be pddd be higher than the

chip surface. Cif plating and 25-m bonding wire are used to add a predicable height

sensor surface.

Figure 3.13(a) shows the contact sensor without' Qalating. The C& plating
electrodeposits the Elion onto the cathode-connected aluminum plate thedesulted
height was profiled by Dektak 6M stylus surface fjwmeter. To plate on the
contact-sensor surface, the 1 nm oxidized-alumirfaiaOs;) layer on the surface was
etched away with 7% HCI solution for 20 secondfiedwise, the AlO; layer will isolate
electrons and made electrodeposition of'Gon difficult. Then the surface was plated in
2.5% Cd* solution for 5 minutes with ~4V voltage. The platiresults of 2 Aand 1 A
current are shown in Figure 3.13(b) and (c), retypelg. The height difference between
chip surface and the Cu layer was measured by Réktbstylus surface profilometer.

Figure 3.13(b) is the plating on surface, and tlveent was 2 A. The surface is rough

because the Cdeposition is too fast. Hence, the current wasaceduo 1 A (Figure

3.13(c)), and the resulting Cu coverage rate islgoo electrical contact. The surface is

much more even then the other two plating restitte height of the Cu layer is 30-40
m in the middle and ~50m on the edge, because the electrons can go det &asn
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the junction than from the surface. Besides, Figui&(d) shows the plating on contact
sensor without etching away the,@®klayer. The black area is the Cu deposition, and the
Cu electrodeposition is few and uneven. The elastan only leak from the scratch on
the surface (i.e. scratch on the ,®@d layer), so the electrodeposition is very
inhomogeneous. Therefore, the;®4 layer on surface should be etched away in advance
to make sure the whole surface is conductive fectabdeposition.

(b) T

300 m

(d)

300 m
300 m

Figure 3.13(a): Contact sensor surface without' @lating. (b): Cu plating on sensor,
2 A, 5 minutes. The surface is rough because thed&position is too fast. (c): €U
plating on sensor, A, 5 minutes. The surface is smooth with low plgtourrent. (d):
CU?* plating on surface with ADslayer. After plating, the surface is washed with|HC
solution for 20 seconds. The black area is Cu @laieto the surface; gold area is
aluminum surface; brown area is etched surface.

In addition to the Cu plating, the bonding wire heat is another method considered to
increase the height of contact-sensor surface.eT®se m bonding wires were soldered
onto the sensor surface (Fig. 3.14 (a)) and there weated with conductive glue to
prevent scratching (Fig. 3.14 (b).) The height ofding wires is 25 m, so the height of
the sensor surface is 25 plus the thickness of thin glue layer.
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Figure 3.14(a): Contact sensor with three bondiirgsv The bonding wire is 25m thick.
(b): Contact sensor with bonding wires and congecglue. The conductive glue can
protect the bonding wires.

Comparing the bonding-wire method with the®Gplating method, the bonding-wire
method is simpler than Glplating method, and needs no chemical process;hamiay
damage the printing chip. The disadvantage of bandiires is that the surface is uneven,
but this problem can be solved by using three bundwires to increase the
electrical-contact area. The height precisionsathbmethods are similar. The diameter
of bonding wire is 25 m with thin glue layer, and the height of Cplated sensor can be
measured by Dektak 6M stylus surface profilometenose resolution can be 200
angstroms. The height of €plating sensor is about 30-46n and varies with plating
time. However, the bonding-wire method needs lesspgration process than the
CU?*-plating method, and has similar height precismiCtf*-plating method. Therefore,
the bonding-wire method was adopted to enhanchdight of contact sensor.

3.3 Construction of the Chip-printing System

The methods for homogeneous and reproducible pgntiere discussed and described in
section 3.2. These methods should be adopted aotv&d into the construction of the
chip-printing system. The basic function of this teys is repetitively getting the
amino-acid particles from particle outlets with l8&OS chip, moving the chip to the
glass slide, and then printing particles onto tfidesBesides, this system also generates
the particle aerosol, observes the particle depasibn chip, prevents the unused
particles from spreading, and recycles the unusaticies. The software for system
control and graphic user interface was also deeglop
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3.3.1 Frame Design

The possible structures for getting particles frparticle outlet and printing particles
onto glass slide are listed in Figure 3.15. Theaesyscan either move 20 particle outlets
to chip (Figure 3.15(a), (c)) or move the chip @particle outlets (Table Figure 3.15(b),
(d)). Linear motion or rotation are both consider€de linear motion was chosen, since
it is easy for the geometry design and motion @ntfor CMOS-chip motion, the
up-down motion of the chip should be very precisel ( m), so the travel range should
be as short as possible. Aligning the glass slidih werosol outlets can make the
up-down travel range short, so moving the chip betwthe glass slide and aligned
particle outputs (Figure 3.15(b)) was chosen. Fantipg reproducibility, a high
precision motor was used to move the chip betwebstsate and aerosol outlet. At last,
the system has 20 aerosol outlets and each is 4 % 40 mm, so the total length of
outlets is 800 mm. Therefore, the particle outleese arranged into two rows, so the
travel range for moving different particle outlets twpcis 400 mm. Moving particle
outlets to the chip does not need high reprodutybiso a high precision motor is
unnecessary. The motions of chip and particle tautlere designed to be perpendicular.

CMOS chip —
|
I_—I
Eixed dl Fixed glass
ixed glass substrate
B9 substrate Aerosol outlets
(a) (b)

Fixed aerosol sources

.
<% %

[ Fixed glass
Fixed Chmm Fixed glass
substrate substrate
(c) (d)

Figure 3.15(a): The aerosol outlets are linearlyweadbto the chip. The chip only moves
up and down. (b): The chip can be linearly movedthe aerosol outlets and glass
substrate. (c): The aerosol outlets are rotatetthe¢ochip. (d) The chip is rotated to the
aerosol outlets.
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Figure 3.16 is the 3D frame of the system drawrthgy software, UniGraphics. The X
motor (motor for moving chip along x axis) move® ttCMOS-chip printing head"
between the particle outlets and glass slide withh tprecision. The printing head
includes the chip, two tilt stages and motor fandtion. The Z motor moves the chip up
and down and the tilt stage parallelize the chiphwine glass slide. The glass slide is
fixed in the holder, so the slide can be in thees@usition after remounting. This holder
together with slide can be moved by a Y motor hsd the chip can print particles on two
different locations on the slide, doubling the spatmber on the slide. For good
reproducibility, these Y motor, Z motor, and tiltages are all high-precision motors.
Only the particle outlets are moved to the chimbyormal step motor. In this design, the
X motor for chip motion has some free travel ratmenove the chip for other purpose,
e.g. monitoring particles on glass slide and blgwoff the remaining particles on chip.

Motor for

X motion _
(X motor)

Motor for/

Z motion

(Z motor)
Tilt stag
CMOS chi
Glass Substra/

Z
Motors for Y motion X/L‘Y
(Y motors)

Figure 3.16: The machine frame, drown by the Unp@res software. The CMOS chip is
mounted on the high-precision X motor, Z motor amd tilt stages, so the position of the
chip can be reproducible. The glass holder is mlsanted on high-precision motor. The
particle sources are mounted on a normal motor laitg travel range.

For the printing reproducibility, the printing heaahd glass slide are moved by
high-precision motors, and the minimal incrementaitions of these motors are all



smaller than 0.5m. The specifications of all the motors in the epimting system are
listed in Table 3.4. For the printing reproductlyilin X axis, the slide is fixed in X
direction. The incremental motion of motor X, whiegfoves the chip between slide and
particle outlet, is 0.5m. For the printing reproducibility in Y axis, tledip is fixed in Y
direction. The slide is moved in Y direction by ator with minimal incremental motion
of 0.5 m. Therefore, the relative printing tolerance bewehip and slide will be less
than 0.5 m both in X and Y direction. For the tolerance afallel between chip and
glass slide, the chip is moved by a tilt stage wiinimal incremental motion of 5rad.
That is, the angular tolerance is smaller thamasl. The CMOS chip is about 20 mm, so
the tolerance will be less than 20 mm x fad = 0.1 m. To sum up, the theoretical
tolerances from the machine are no bigger than thh5n any axis, and 0.5m is less
than the tolerance needed, which is 1) for the 100 x100m pixels.

Minimal incremental | Travel range Company and type
motion
X motor 05 m 300 mm Physik Instrumente
M 414.3PD
Z motor 0.1m 12.5 mm Physik Instrumente
M 501.1DG
Tilt stage 5 rad +1.4 mrad Physik Instrumente
M 227.10
Y motor for glass | 0.5 m 100 mm Physik Instrumente
slide M 414.1PD
Y motor for aerosol| 1.8 deg 450 mm Festo
outlets

Table 3.4: The high precision motors of the machiftee X motor moves the printing
head, including the CMOS chip, between aerosol outlets arel 3lice Z motor moves
the CMOS chip up and down toward the glass slidetha aerosol outlets. The two tilt
stages tilt the chip so that the chip surface cmallel to the slide surface. The Y motor
for glass slide moves the slide holder so the CMGi can print onto different area on
the slide surface. The Y motor for the aerosoleistmoves different aerosol outlets to
the CMOS chip. These motors are controlled by L&W!I program through PCI
(peripheral component interconnect) cards and &admox (see Appendix 4).

3.3.2 Particle Confining and Recycling System

During the printing process, only few aerosol et are deposited onto the CMOS chip
for printing, and most of the particles diffusearthe air. These amino-acid particles can
be harmful if they enter human body through resigina Therefore, a fume hood covers
the whole printing system to prevent particles frdispersing, and a particle suction
system is built to suck away the unused partici®s®. In addition, the amino-acid
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particles are very expensive (20-50 Euro / g, ddimgnon the side chain protecting
group) so the sucked-away particles are collectad! r@cycled by filters, which are

mounted into the suction system. One filter was mbed for each aerosol outlet so the
different particles will not contaminate each otH&esides, a cleaner will blow away the
particles remaining on chip after printing, so thgp is clean for next printing.

3.3.2.1 Fume Hood

The fume hood is built to prevent particles fronffudiing into the room during the
printing process (Figure 3.17). The frame of thisi& hood is made of aluminum profile
(Bosch Rexroth) and the wall is made of plexigiaganik). It can be opened at front and
left side for system calibration and experimentse &ir comes in from the gap at down
front side and is sucked away through the tubehentap. This tube connects the fume
hood and the in-house suction system. The positba# inlet (the gap) and outlet (tube)
form an up-going air flow. This up-going air flovarc bring the diffusing particles into
the in-house suction system, and prevent the pestitom spreading into the room.

Fig. 3.17: The fume hood connects to the in-houstian system and sucks the air and
unused particles away. The fume hood can be opfemedthe front side or left side for
experiment operation.
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3.3.2.2 Particle Suction and Recycling System

Most amino-acid particles diffuse into the air agrithe particle deposition process.
Since the particles are expensive, the unused clestishould be recycled. After
depositing particles onto the chip, the particlesel goes out, and then the two suction
cups suck the particles away (Figure 3.18). Thewsa¢ goes through the filter. The
membrane in the filter filters out the particlesaerosol, and the air is sucked into the
vacuum generator. The suction cup setup, filted, #re vacuum generator is shown in
Figure 3.19. The CMOS chip is unmounted from thatprg head in Figure 3.19, so the
relative position between chip and suction cups banclearly shown. The filter
connected to the suction cup is (Millipore XX4304700) and the other side difltdriss
connected to a vacuum generator (Nilfisk GM80). Thaximum suction volume of
Nilfisk GM80 is 2280 | / min, while the flow volumef the compressed is only about 200
| / min. The membrane in the filter for filteringd particles is Millipore FALP04700.
The pore size of the membrane is 19, so most of the particles, which is about 4r%
can be filtered.

Suction cups

CMOS chip
l l Aerosol outlet

v

| Filter
//Membrane
}

Vacuum generator

Fig. 3.18: The patrticle recycling system. Aftertide deposition onto CMOS chip, the
unused aerosol is sucked by two suction cups aitleeof the CMOS chip. Then aerosol
goes through the filter and the particles areriiieout with the membrane. The rest air is
sucked into the vacuum generator.
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Millipore

\/ CMOS chip Filter
(b)

?LlJJCéIOI’] Aerosol outlet
P without cups
(c)
(@

Fig. 3.19 (a): The suction cup is mounted on thresa® outlet and connects to filter. The
CMOS chip is unmounted from the tilt stage herdhso chip and suction cups can be
seen. (b): Millipore particle filter. The aerosaicked by the suction cups goes through
the filter to filter out the particles. The othedes of the filter is connected to the Nilfisk

vacuum generator (c).

The recycling efficiency of the recycling setting tested with Xerox cyan particles,

which is much cheaper than the amino-acid particlé®e mean size of Xerox cyan

particles is 5.3 m, and it is quite similar to the size of aminoeapirticles (4-5 m).

With pressure branch, the suction pressure applhetthe filter outlet is 0.2 bar (6 inHQ).

In the test, 0.897 g particles are used and 0.1p8rticles are recycled. The recycling

rate is 13.2 %, which is not very high. The reasons for this recyriagnclude:

1. Some unused aerosol is not sucked into the regyslystem, and leak out from the
space between suction cup and particle outlet.

2. Some particles remain on the suction cup, tube wall and particle outlet.

3. Many filtered particles adhere on the filter menmargand can not be scratched down
form the membrane.

4. The pores of the membrane are very small (in)), so the pore can be blocked by the
particles easily. Accordingly, the recycling filtehould be cleaned several times and
it complicates the recycling process.

3.3.2.3 Chip Cleaner

After the particles are deposited onto glass dliden CMOS chip, some patrticles still
remain on the CMOS chip (Fig. 3.20(a)). These pladi should be removed from the
chip with compressed air so that the particles widt contaminate the slide in next
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printing. The chip cleaning is done by the cleaste®wn in Fig. 3.20(b). In the middle of
the chip cleaner is a nozzle, which jets 4 bar aesged air to blow away the particles on
chip. The blown-off particles are sucked into theaoer, which is connected to a vacuum
cleaner for fine particles. The vacuum cleanerfi®ilGM80, is specifically designed for
collecting fine particles. Besides, the suctionwflmate of this vacuum cleaner is about
2280 | / min, and it is much higher than the flaater of the nozzle (200 I/min at 4 bar).
Therefore, most of the blown-off particles will becked in to the vacuum cleaner but not
spread into the air.

Nozzle

Vacuum chamber

(a) (b)
Fig. 3.20(a): Alanine particles remaining on the @® chip after printing. Still several
particles remain on the chip pixels. (b): The ctiganer. The compressed air from the
nozzle blows the particles away from the chip stefarhe blown-away particles will be
sucked into the vacuum chamber, which is connettethe vacuum cleaner Nilfisk
GM80.

3.3.3 High Voltage for Particle Transfer and AerosbSystem

The printing process needs !3kV DC voltage for et transfer from chip, 24V DC
voltage for aerosol generation system, 220V AC agst for vacuum generation, and
120V DC voltage for CMOS chip. To switch these aghs, several relays are used to
switch corresponding power supplies on and off (Bi@1). By using an internet cable,
the LabVIEW program in PC controls the Twincat syst(Beckhoff), which provides
24V DC voltage. This 24V DC voltage switches on 220V AC voltage with relay, and
the 220V AC voltage switches the power suppliesclviprovide different DC voltages
to the printing system. The -3 kV DC voltage is lsggpbeneath the glass slide to attract
the particles from the chip to slide; the 100V D@ltage is for pixels on the chip; the
particle sources need 1 kV to prevent particle egation.
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Power supply

PC & Beckhoff Relay
Labview ™ | 22 voc | = | 220 vad ™ ¥ enorator

Figure 3.21: Voltage control: LabVIEW and persomaimputer! Twincat system
switches 24V DC voltagd the relay amplifies the 24V-DC-voltage switch to
220V-AC-voltage switch! the 220V AC voltages switches corresponding power
supplies for different voltages needed.

3.3.4 Control Software

The software was developed to automate the whodtesy and this software was
programmed in LabVIEW 8.6 (see Appendix 2). Thisggam controls every function of
the automation printing process, including: readigleed patterns, switch on the pixels
on the chip, move all the motors in the chip pngtsystem, switch on different power
supplies, and generate particle aerosol, etc.

The control panel and control flowchart of the systis shown in Figure 3.22. In the
control panel, the user can set the distance betiteechip and slide in "Z pos of slide.#
The user can also ask the system to deposit ptmhto chip again, if the particles
deposited on chip are not enough. The user carchtsose to print once on the slide (for
16,000 peptide spots) or print on two differentasren the slide (for 32,000 peptide
spots). The other commands include choosing thecf@apatterns, choosing the different
amino-acid particles, and interrupting the wholetomg system.
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is bad. onto the slide. aerosol outlet first step
(b)
Figure 3.22 (a): The control panel of the LabVIEV@gram. On this control panel, the
user can set the pattern of amino-acid deposittenaerosol, the printing distance, and
the times of printing. (b): The flowchart of thaming system.

An interface for converting the biologists$ desigilo CMOS-chip command is written
with LabVIEW. The flow chart is shown in Figure 3.2A pattern of one monolayer has
20 numbers from 0-20, representing 21 amino acms e amino acid. Each kind of
amino acid has its own binary pattern. The numhkkf feans switch on for the
amino-acid particles and 0 means switch off fopadicles. Then every 8 digits in a row
is separated to two 4 digits, and converted into hexadecimal digits, separately. The
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two hexadecimal digits then are reversed and prdfiwith "%,# which is used as a
marker.

128 rows

128 Mask:
lines 17

—

Output from PepSlide

32 hexadecimal rows _,
|
|

128
line

Input for 12C

Figure 3.23: The converting flow realized by LabWEprogram. The top left matrix is a
monolayer pattern from a program PepSlide, whichused to design peptides by
biologists. Each amino acid has a number, from 200and 0 means no monomer. The
up right figure is the pattern for amino acid numid&. The down right matrix is
hexadecimal table for CMOS chip controlling progrd2c.

Fig. 3.24: Write order of the matrices of pixelstbe CMOS chip. It starts at Yblock =0
Xblock = 0. Each block has 8 x 8 binary digits, @hiwill be converted into 32
hexadecimal digits. The hexadecimal digits are rged following the arrows.
[KON10-2]
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The detail of converting order is shown in Figur243 The converting starts from Block
Y[O]X[0]. Each block has 8 x 8 binary digits so will be converted into 2 x 8
hexadecimal digits. The converting order is indddaby the arrows, and the converted
hexadecimal digits are linked into one line.

3.3.5 Quality Control of Particle Deposition

For the synthesis yield, the amino-acid particlested from chip onto the spots should
be enough on each pixel and be homogeneous thrattf® glass slide. To ensure the
printing quality, the particle-deposition quality chip should be checked before printing.
Several methods, including commercial microscopseil attenuation, stylus profiler, and
digital microscope, are considered (Figure 3.25).

The particle quantity on chip pixels can be evaddiy high resolution microscope, such
as Keyence microscope VHX 2000 (3.25 (a)) [KEY]. tWbuilt-in software, this
microscope can calculate the volume of the partule on the pixels. However, the
commercial Keyence microscope has three probleirst, Ehe volume can be evaluated
only one pixel by one pixel, but there are aboy0Q@6 pixels on the chip. The size of the
microscope lenses is another problem, since trse$eare all longer then 155 mm, which
is the space preserved for the observation lerigeaddition, the microscope is very
expensive, so the cost-performance ratio of thighatkis low.

The stylus profiler (Dektak 6M stylus surface plarfieter) is also considered (3.25 (b))
[VEC]. The stylus profiler has a stylus to scanoasra layer for the height profile. With

equation 3.1, the height of particle layer can bdlewated by the power consumption of
the stylus. The symbdlis the layer thickness, 200 is the maximum povi¢nhe pin, and

a, b are constants. This stylus profiler measurememets dwt work because the stylus
pressure is too strong. The stylus divides thegarayer but not scan across the layer.
Besides, the stylus profiler is very big (508 mn366 mm x 438 mm) and can not be
mounted into the chip-printing system either.

Power (mW) = 200 x a x &7(™ (Eq. 3.1)
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(@) (b)

@ Laser beam

fesol Palrticle layer
Slide

Intensity meter

(c) (d)
Figure 3.25 (a): Keyence microscope. (b): Dektak $tylus surface profilometer. (c)
Laser attenuation based on The Beer-Lambert IawDdital USB microscope.

The Beer-Lambert law (Eq. 3.2) is also consideee@valuate the layer thickness with
laser attenuation rate. A is the light transmisgjvli, and I; are the intensity of the
incident light and the transmitted light, respeelyy K is the molar absorption coefficient;
| is the path length arlis the molar concentration. Since tih@ndc are same, thi®go

(Io / I) is directly proportional td. A red-light laser beam goes through the partayjer
and slide (Figure 3.25 (c)). The transmitted lastnsityl; is measured to calculate the
thickness of particle layér This method is very simple and cheap. However ptioblem

of this method is that the glass slide should bemted in the opaque slide holder, so the
laser light cannot go through the slide. Anotheybem is that the laser beam is too thick
(~ 1mm in diameter), while the pixels are 100 x 106" Therefore, this
laser-attenuation method can only evaluate thérnleiss distribution on the slide surface,
but not the layer thickness on single pixel.

A =logio(lo/ ) = x| xc (Eq. 3.2)
Using digital USB microscope (Figure 3.25 (d)) [YPUWb observe the particle

distribution on the chip is also an alternativemicroscope can be mounted between
slide holder and aerosol outlets. After particlgaition, the chip will be moved to the
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microscope to take the image on chip surface. A @rogram was developed to analyze
the particle coverage rate on pixels [WAG10]. Whamdeposition parameters are higher
than a desired value for all the pixels, the progmaill send an "OK# to the control
program of chip-printing system. However, the peoblof this method lies on the
limitation of image analysis. The analysis progreemnot estimate 3D volume from 2D
image. However, good synthesis yield needs not golyd coverage rate but also thick
particle layer. The program can only analyze theecage rate but can not estimate the
thickness of the layers. Therefore, the image ap shrface can only be checked by eye,
which is disadvantageous to system automation.

Comparing these four methods, the Keyence micraseopl stylus profiler can not be
involved in the printing system to evaluate theas#pon quality. These two systems are
both very large and expensive, so they can not bented into the printing system.

Measuring the transmitted light intensity and chltng the layer thickness with

Beer-Lambert law is cheap, but the slide holdemnas transparent. Therefore, only the
digital USB microscope method is feasible. The tdigmicroscope is much smaller
(about 15 cm) and cheaper than the Keyence migpesaad stylus profiler. However,

the image analysis program can still not evaluhgearticle amount on pixels, so the
quality of particle deposition can only be estinddlg eye now.

3.4 Discussion
3.4.1 System Automation

The eventual goal of the chip-printing system i®enation of printing process: mount a
clean glass slide into the holder, press "stamgtthen get a reproducible particle print
on the slide. The system can and repeatedly gentdrataerosol, deposit particles onto
the chip, move to the microscope, print the patianto slides in holder, and then move
the chip to another aerosol outlet. However, thatesy is still semi-automated now, and
some problems make full automation challenging. séheproblems include the
reproducible printing does not have a feedback robnand needs very careful
manipulation, deposition quality cannot be autooally monitored, and chip can be
burnt accidentally by the high voltage.

The printing reproducibility is now realized by higrecision motors and a slide holder.

The theoretical reproducibility can be less thén On, if the slide is mounted carefully
and the chip-printing system is not vibrated. Hoerethe whole manipulation should be
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done repeatedly and carefully, and it limits theoenation and yield stability. A feedback
control for chip-slide alignment should be devebbpa the automation.

For good particle deposition quality, the aerosiayation system should generate dense
aerosol repeatedly. However, the density of geedraterosol is very unstable, and
sometimes even no aerosol is generated. For germgerdense aerosol, the injected
compressed air should be fine tuned depending ®pditicle size, particle quantity, g/m
value and humidity. In addition, the particles ceamsily block the tubes, sieves, and
outlets in the aerosol generation system. Becalideeainstable aerosol and the particle
blocking, the automation of aerosol generation bexo very difficult, and hence the
chip-printing system automation is also restricted.

The monitoring of particle-deposition quality onighs also a problem. The quality
monitor can only be done by eye now, and it lintits automaton as well. Besides, the
CMOS chip can be easily burnt accidentally, whishaliso disadvantageous for system
automation.

3.4.2 Theoretical Reproducibility and Homogeneity bPrinting

As discussed in section 3.3.1, the reproducibdityhe printing can be less than 0.5
in chip-printing system. The slide together witle tslide holder is fixed in X direction,
and the minimal incremental motion in Y directicn@.5 m. On the other hand, the
CMOS chip printinghead is fixed in Y direction atie minimal incremental motion in X
direction is 0.5 m. Therefore, the total printing tolerance shoutdldss than 0.5m in
both X and Y direction. The homogeneity tolerandk lve less than 20 mm@d5 rad =

0.01 m. The experiment results will be described andudised in chapter 4.

3.4.3 Geometry Design and Particle Recycling

Two geometry problems came up, when the chip-magng8ystem is built. One is the
motion of several aerosol tubes, and the othdr@space for recycling system.

As mentioned in section 3.3.2, the 20 aerosol tsidlad aerosol reservoirs are connected
by 20 tubes. Besides, since each particle outletisiéwo suction cups, the recycling
system needs 40 tubes to connect these 40 suatpm €o sum up, 60 PVC tubes are
needed for the aerosol and recycling system. Ti@séubes should move 400 mm,
together with the aerosol outlets, repeatedly duthe whole printing process. This is
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quite difficult since the tubes need a lot of spasd motion of these stiff tubes needs big
torque. Besides, the tubes for the aerosol outletls not bend too much, or the aerosol
flow can not go to the chip perpendicularly.

The space for particle-recycling system is anotireblem. The aerosol suction cups
should be mounted on the aerosol outlets. Howelrerspace beyond the aerosol outlets
can only be 15 mm, which is the travel range of high-precision motor. Therefore,
many components, including the suction cups, cbipp connector, and chip holder,
should be arranged to fit into this 15 mm spacesdlee this problem, the chip connector
should be redesigned in the future.

The size of chip-printing system, including the equs 0.8 m x1 m@1.5m (W! ¢H! &
L) and the size of laser printer is 0.9 m x1.2@8.1 m (W! @H! @ ). Therefore, the
chip-printing system is less space consuming tharaser printer.

3.4.4 Time Needed for Printing onto Glass Slide

One printing cycle includes depositing the partictn chip, printing onto slide, and
moving the chip to aerosol outlets, microscope, glite sequentially. The whole cycle
takes ~80 seconds. In addition, the cycle shouldepeated if the deposition quality or
printing quality is poor. To sum up, printing a vid@article layer with 20 kinds of
amino acid particles takes at least 80 (secon@§) = 1,600 (seconds).
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4. CMOS-chip Based Particle Printing

After the whole chip-printing system is constructdte system will be used to print the
amino-acid particles from chip onto the glass slitleis chapter discusses how to get
good particle printing quality on the slide. In 8ee 4.2, the particle characteristics for
ideal particle deposition on the chip will be dissed, since the deposition quality
directly relates to the particle printing qualifyhe deposition quality on the chip depends
on the number of particles deposited, particle mmation, and homogeneity. The
number of particles deposited on the pixels shdaddenough for synthesis, so the
coverage rate of melted particles can approach'.1B@sides, the particles should not
contaminate the adjacent spots to avoid wrong afaom sequences. The particle size
and the environment humidity influences are disedslsecause they are very critical
factors for deposition. Section 4.3 will comparee tprinting reproducibility and
homogeneity of the system with the theoreticalnestion in Chapter 3. The printing
voltage, printing distance and particle cross ammation will also be discussed.

4.1 Particle Composition and Manufacture

The amino acids are encapsulated and protectetieinsolid particles, and then the
amino-acid particles are addressed onto the glakesfer synthesis. For array synthesis,
two requirements of these amino-acid particles kEhtwe met. In physics aspect, the
particles should be precisely and reproducibly dépd onto slide by means of an
electrical field. Therefore, the physics charastess such as particle size and
charge-to-mass ratio (g/m values) should be corsideén chemistry aspect, the particle
components should be compatible to the synthesisegs. That is, the components
should not interfere with the amino-acid couplingdashould be removable by the
washing process. The viscosity of melted partidesuld also be considered, so the
melted particles can merge together to cover tipebgéween particles. Accordingly, the
coverage rate of the deposited amino acids camd&edsed. On the other hand, the
melted particles should not spread to the neankgipand contaminate the pixels. At last,
the melting point of 90W degree is chosen. At 9% temperature, the amino acids can

couple efficiently, but still remain stable [BRE11].

The components of the particles include resin,idssdlvent,# protected amino acids, and
charge control agent (Figure 2.4) [BRE11, KON10-2].
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About 60 ' of the particle mass is resin. The resin makes the partlebemally and
mechanically stable. The resin used in the pagide&SLEC PLT 7547 from Sekisui.

The solid solvent is at 25 ' of the particle mads.replaces the liquid solvent, such as
DMF, used in the conventional liquid-based solidagih peptide synthesis. DMF is
colorless liquid and is miscible with water and amdy of organic liquids. With low
evaporation rate, DMF is usually used as solveRE[and DPSO, which have melting
points around 700, are used here as solid solvent (Figure 4.1).

\

o\\ CH3
HC—N
CHs
DMF DPF DPSO
Melting point: -61 W Melting point: 69-71W Melting point: 69-72W

Figure 4.1: Chemical structures and melting poiofs solvents for conventional
liquid-based solid phase peptide synthesis and-paliticle peptide synthesis [BEYO05].
The DMF melts at -61W, and is used in solid phase peptide synthesis.DOPE and
DPSO melt at around 7V, so they are used in solid-particle peptide sygithe

The amino acids in the solid particles are in e and activated form, as
Fmoc-aminoacid-OPfp (see section 2.1.2). Typicallge amino-acid compounds
contribute 10 ' of the particle mass. Since differe amino acids exhibit different
molecular weight, the molar contents of differenti@o acids in the typical particles
differ. For same mass, the lowest molar amino ecittent (Fmoc-His(Trt)-OPfp, 785.77
g/mol) is about 59 ' of the highest molar amino dccontent (Fmoc-Glu-OPfp, 463.36
g/mol). This molar content difference should besidered when printing particles on to
the slide, because the number of all amino acimsng the coupling reaction should be
excessive.

Particles charge control agents are added to glbile particle charge, so the discharge
in air of these particles will be slowed down. Tdi@arge control agents contribute 5 '
of the particle mass. 4 ' particle mass is pyrazoé orange and 1 ' is
sodium-di(aqua)-di(2-hydroxy-3-napthoic acid) fee(@!).
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All the components were mixed and dissolved in @uet Afterwards, the acetone was
removed by various drying steps. Then the matneas firstly roughly milled and then
fine milled with air jet mill(Hosokawa alpine 50AS)ith analytical sieve (AS 200 digit,
Retsch) and winnower (100 MZR, Hosokawa Alpine AtBg particles with desired size
are sorted.

4.2 Particle Characteristics for Deposition

4.2.1 Particle Size

The particle deposition and printing quality islignced by the particle size, shape, g/m
value (charge to mass ratio), and environment hityniéParticles with uniform g/m
values can be deposited more precisely onto assigixels and do not contaminate the
adjacent pixels. The g/m values of particles weeasnred with a g/m meter (Trek, type
210HS-2) and the g/m value of the particles is adodt C/g [NESO07-1]. Besides, round
and small (2-6 m) particles have better deposition quality thae tther particles
[LOF11]. To classify the particles by size, thetjmdes bigger than 32m were removed
by sieve. Then the distribution of particle sizeswaeasured by a Mastersizer (Malvern,
type 2000).

The size of alanine, glycine and biotin particlese ahown in Figure 4.2. These three
particles were printed onto a slide with the chijpiing system, and then were used for a
combinatorial synthesis experiment. The diametéraast particles are between i to

10 m. For alanine and biotin particles, 10-20 ' of gades are bigger than 10m. For
glycine particles, almost all the particles are kenahan 10 m. The particles smaller
than 1 m mainly come from the fine milling process. Anatipessible source might be
the silica nanopatrticles, which are added intoaimno-acids particles after fine milling
to prevent the particles from soaking water fromn. dihe nanoparticles may be
agglomerated and form bigger particles, which waetected by the Mastersizer. The
different size distribution of particles comes fraime milling procedure. Even the
amino-acid matrices with exactly same compositioaveh slightly different size
distributions in terms of fine milled particles.
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(a) Image and size distribution of alanine particle

(b) Image and size distribution of glycine partile

(c) Image and size distribution of biotin particles

Figure 4.2 The particle image taken with a micrpgc@and particle size distribution
measured with a Mastersizer (Malvern, type 2008). Alanine particles (b): Glycine
particles (c): Biotin particles. The glycine palktg are smaller than 10n, while some

alanine and biotin particles are bigger than &0
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As shown in Figure 4.2, almost all of the glycireatles are smaller than 10n while

10 ' of biotin particles are bigger than 16m. The glycine particles and biotin particles
are deposited on chip pixels and then printed ¢imtoslide to compare the influence of
particle size (Figure 4.3). Most glycine particlee on the assigned spots and only a few
particles contaminate the blank spots, i.e. arengljoaddressed. On the contrary, the
printing result of biotin particles feature a Idt particle contaminations, and most of
these contaminating particles are bigger than @@ The big particles can not be
addressed onto the correct spot because they hglkeerhmass and charge than small
particles. After the electrical-potential accelematbetween the aerosol sieve and the chip,
the big particles have higher motion inertia, s® éfficiency of selective electrical fields
from the chip pixels decreases. Hence, the bigigkest can easily divert from the
assigned pathway and be deposited on the wrondsdIMEEQ9, LOF11]. After printing,
the particles addressed on the wrong pixels acetesisferred by the electrical field and
printed on the slide. In short, the printing reswt glycine and biotin particles show that
the particles smaller than 1@n can have better printing quality than particlegbr than

10 m.

() (b)
Figure 4.3: The particles printed onto the glag$esl(a): Glycine particles. (b): Biotin
particles. The printing of biotin particles hasoadf contamination. Most of the wrongly
deposited particles are the particles bigger tttanni.

Since the particle size is an important factor aftiple deposition and printing quality,
the printer toners smaller than 1fh can also deposit with few contamination onto the
chip. The commercially available printer toner @dets are first used to test the
deposition quality, e.g. the reproducibility, besauthe amino-acid particles are
expensive (20-50 Euro / g). The printer toners @stost nothing since 50-100 mL
particles can be collected form a discarded caridThe size distribution of Xerox,
Canon, OKI, and HP toner particles are measurellldstersizer (Table 4.1). The Xerox
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toner particles are chosen, because their sizenélest (~ 6 m) and is close to the
amino-acid particles (4-6m). In addition, the Xerox toners are most roundiglas in
these commercial particles and have a very gooddiggn quality on the CMOS chip
(Figure 4.4).

D(0.5), 50' of D(0.9), 90' of Span=
particles are  particles are under: { D(0.9)-D(0.1)}/
under:  (m) ( m) D(0.5)
Alanine particles 5.661 18.002 2.788
Glycine particles 4.704 7.965 1.540
Biotin particles 6.415 15.987 2.180
Xerox toner black 6.061 8.309 0.644
Xerox toner cyan 5.731 7.847 0.64
Xerox toner yellow 5.778 7.951 0.649
Canon toner cyan 9.268 12.197 0.551
Canon toner cyan 8.714 12.697 0.773
OKI toner black 9.991 14.836 0.816
HP toner black 11.662 17.259 0.807

Table 4.1: The size distribution of the particles.

(a) (b)
Figure 4.4 (a): The yellow Xerox toner particlefieTparticles are more round than the
amino-acid particles. (b): The yellow Xerox tondeposited onto the CMOS-chip pixels.
A large number of particles are addressed on tlsggraed pixels and few particles
contaminate the blank pixels.
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4.2.2 Humidity Influence on Particles

In addition to the particle size and shape, theewatbsorbed by the particles also
influences the particle deposition and printingrtiekes stored in a humid environment
absorb water from the air and becomes moist. Timeichparticles will be agglomerated
and are stickier than dry particles. These agglatedrand sticky particles can easily
block the sieve at the aerosol outlet, and previeataerosol from going out (Figure
4.5(a)). The particles will therefore remain in therosol outlet and form even bigger
bulks. The particle bulks make the air flow more difficult and the e/aerosol system is
blocked with agglomerated particles eventually.urég4.5(b) shows the particle bulks
cleaned out from the outlet. These agglomerateticfess are one important reason of
unstable aerosol generation. With unstable aertiselguality of particle deposition on
chip can be hardly controlled. Even though someitiyrarticles can be deposited on the
chip pixels, the humid particles will adhere on tiép pixels. Hence, only a few humid
particles can be transferred from chip onto slidign \2.6 kV/mm electrical field (Figure
4.6(a)), and most particles remain on the chip.

To solve the humidity problem, the particles shdudstored in an air-conditioned room
with relative humidity below 30 '. Otherwise, thegsticles should be mixed with more

silica nanoparticles and dried with a desiccatordidphilic fumed silica nanoparticles

(Aerosil, 0.05 ' of particle mass) were added intbe particles. These nanoparticles
attach themselves to the particle surface and pteve particles from soaking water.

Besides, the particles were dried overnight witbueen desiccator at room temperature.
In vacuum environment, the water in the particleaperates and is absorbed by the
drying beads in the desiccator. A dehumidifier & used to control the humidity in

the chip-printing system. Figure 4.6 shows thetprgresult of humid and dried particles.
The printing quality of dried particles is much teetthan that of particles without drying

processes.
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(@) (b)
Figure 4.5 (a): Biotin particles block the siev@-{Im meshes), so the aerosol can hardly
go out from the outlet. (b): Particle bulks in #erosol outlet. The whole outlet chamber

is filled with particle bulks.

(a) (b)
Figure 4.6: Glycine particles printed onto the glabde (a): The humid particles. Only a
few particles can be printed onto the slide. (bjeTparticles are mixed with silica
nanoparticles and are dried in a desiccator. Mbteodried particles can be printed with

the electrical field.

59



4.3 Particle Printing from CMOS Chip onto Glass Slde

As discussed in Chapter 3, the expected toleraaotdle printing reproducibility are
smaller than 0.5m in both X and Y directions and the expected tlee of the printing
parallelity is smaller then 5rad (or 0.1 m). The reproducibility is checked with Xerox
toners, and the parallelity is estimated with theé contact sensors on the CMOS chip.
The printing distance, printing voltage, and pé&eticross contamination are also
discussed.

4.3.1 Reproducibility of Printing

The printing system should be able to print patgbrecisely (tolerance < 1@n) on the
same position repetitively, so the particles wik e printed on the adjacent pixels by
mistake. For the printing reproducibility, a slilelder was made to fix the slide and
high-precision motors were used to move the chipndd, the reproducibility of the
particle printing can be considered in two aspegparately. One is the positioning
reproducibility of the CMOS-chip printing head anldde other is the positioning
reproducibility of the remounted glass slide. Iftlb¢éhe chip and slide can be precisely
and repetitively located, then the relative positieetween chip and slide is reproducible.
That is, the printing precision is reproducible eTpositioning reproducibility of the chip
printing head is checked by printing particles omtdfixed glass slide repetitively.
Subsequently, the positioning reproducibility aflslmounting is tested.

To test the printing-head reproducibility, a clean glass slide is fixed initleeh®lder,
and the yellow Xerox toner particles on the CMO$care printed onto the slide.
Afterwards, the CMOS-chip printing head moves bacthe aerosol outlet to deposit the
cyan Xerox toner particles, and then the printiegdmoves to the fixed slide again to
print the cyan toner particles. The printing ressilshown in Figure 4.7. On the left side
are the toner particles printed from the switchadebip pixels. The grids on the right
side are the toner particles from switched-off [Exsince the unused toner particles are
collected by the electrical field from chip gridh& overlap of toner particle grids shows
that the tolerance of cyan toner-particle printamgl the yellow toner-particle printing is
very small (smaller than 5m). That is, the positioning reproducibility of tipeinting
head is very good. The printing test of fixed sl repositioned printing head has been
done more than 10 times, and the tolerance camway s smaller than 10 or even &
under two conditions. One condition is that thepctiould be fully fixed on the printing
head, so the chip will not be shifted by any exaéfarce. The other is every part of the
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system, including the slide holder, chip, and mgthead, should not be vibrated during
the printing process.

Figure 4.7: Xerox cyan and yellow toner particles printed onto a slide to test the
reproducibility of printing head positioning. Thiedg is fixed, and the chip printing head
has been repositioned in between the yellow toaetighe printing and cyan toner
particle printing. The spots on the left side aomer particles printed form the
switched-on pixels. The grids on the right side taestoner particles, which are printed
from the grid. The grid voltage (40 V) collects tparticles nearby the switched-off
pixels, so the particles will not contaminate thatshed-off pixels.

After the test of printing-head reproducibility gtheproducibility of slide mounting in the
holder was tested. The slide was remounted in ¢fdehin between the printing of cyan
toner particle and yellow toner particle. Since thenting head has very small
repositioning tolerance (< 5m), the printing head was also repositioned to rgsi
particles in between the two printing steps. Hetige,tolerance of the printing result is
the summation tolerance of printing head repositignand slide remounting. The
printing result is shown in Figure 4.8. The spote toner particles printed form the
switched-on chip pixels and the grids are tonetigdas form switched-off chip pixels.
Figure 4.8(a) shows a good printing reproducibility (tolerance <ri0and Figure 4.8(b)
shows a bad printing reproducibility (tolerance & 2n). The tolerance mainly comes
from the slide remounting, since the printing-heagositioning has small tolerance. If
the slide is remounted into the holder carefuly tolerance can be small (Figure 4.8(a)).
However, the tolerance can be 20-3, if the slide is not fixed in the exactly same
position (Figure 4.8(b)). This tolerance of slidespioning can come from several
possible reasons. One main reason is that theislideunted in the holder manually, and
a small mistake can move the slide. To solve th@blem, the mounted slide was
tenderly knocked on the edge with a hammer, selide edge was fixed by the fixing
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poles in holder. Another reason is that beneathstltie, a line for particle-printing
voltage is attached. If this line is moved, theelwill also be moved. Therefore, this line
was fixed with tape.

To sum up, the tolerance of printing reproducipilian be smaller than 5m, if some

rules are followed in the printing process:

" The whole system should not be vibrated duringptimging process.

" The chip should be fully fixed on the printing dedhe chip cable should also be fixed,
or the chip may be moved by the cable.

" The slide should be fixed in the holder tightly,tke slide will not be moved by a small
vibrate.

" The particle-printing voltage line connected te tiolder should be fixed. Therefore,
the line will not have influence on the slide whiemoves.

" After mounting the slide into the holder, a hamrsleould be used to knock the slide
edges tenderly to make sure the slide edge coriteeoles tightly.

(a) (b)
Figure 4.8: Xerox toner cyan and yellow particlesnigd on slide to test the
reproducibility of slide mounting. The slide wasn@unted once between the printing of
cyan and yellow toner particles. (a): Good printimggproducibility. (b): Poor printing
reproducibility (tolerance ~30m).

To make sure that the particles are printed orséimee position repetitively, a reference
marker for the particle printing position is nea@ys The previously printed particles can
not be used as this reference since the partidelues will be washed away after
coupling, so nothing on the slide can be seen aféeshing process. Hence, some markers
were made on the glass slide as references. Hgar@), (b), and (c) shows the marker
made by laser, small rolling saw, and glass scritBascrib€ F44150), respectively.
Both the markers made by the laser and rolling aevthicker than 300m while the
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marker made by diamond scriber is about &0 Therefore, the marker made with glass
scriber was used as the position reference. Thiad&ars were scribed on the slide as
position references. After every printing, the irea@f the particle pattern together with
the marker were taken, so the reproducibility ahtong can be checked by comparing
the markers and the printed particles.

100 um

8 mm
(@) (b)

—]
200 pm

(c)
Figure 4.9: Reference markers on glass slide. N&rker made by laser, the line
thickness is ~600m. (b): Marker made by rolling saw. (c): Marker redayy glass scriber

and printed patrticles.

To sum up, the printing tolerance of the printingtem can be small (< 5m) if the
printing process is done carefully. Generally, ttoderance of the printing head
reproducibility is smaller than 5m. With correct and careful slide mounting, the
reproducibility of the slide mounting can also lmeeptable. Three markers are made on
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the slide as position references. Therefore, tpeodricibility of particle printing can be
evaluated even if the previous particle residuesaarshed away.

4.3.2 Homogeneity of Printing

To make the number of peptides synthesized onrdiifespots similar, the amino-acid
particles should be homogeneously transferred timtoglass slide. Two issues were
considered for printing particles homogeneouslystide. One is the chip should be
parallel to the glass slide surface during printipe other is the particles should be
deposited onto the chip homogeneously. As discuase@hapter 3, the theoretical
parallel tolerance results from the tilt stage nsaller than 5 rad (or 0.01 m). The
experiment tolerance was estimated with three cbrgansors and the high-precision
motors.

As mentioned in section 3.2.3, there are threeambtrgensors on three corners of the
CMOS chip, and the sensor is 25 higher than the chip surface. When the contact
sensor touches the conductive surface (such as wgalfér), the LED light in
corresponding sensor circuit switches on. During ¢hip adjustment, the chip is tilted
and moved till the three LED just switch on, andrttihe chip is parallel to the surface.
After the adjustment, the chip traveling rangedaitching all the LED lights from on to
off can be 10-20 m. That is, the tolerance of parallelity is 10-2@. The difference of
printing electrical field caused by this tolerameesmall, since the slide thickness is 1 mm
and insulating. The electrical field tolerance @by this tolerance is only about 2 *
(voltage divided by 1 mm and by 1.02 mm). Howeyarallelizing the chip to slide is
still important since the size of big particlesaa®out 10 m. If the chip tilts too much, the
particles between chip and slide will scratch thip curface.

The homogeneity of particle deposition on the CME&fp was also considered for
homogeneous printing. Figure 4.10 shows the pagigrinted on the glass slide. The
figures from left to right correspond to the pashlirea on the slide from left to right,
respectively. The particles printed onto both s@esmore than the particles printed onto
the middle area. It indicates that the inhomogesgminting does not result from the
unparallelity between slide and chip. In addititve particle contamination on the right
side is more than the contamination on the lefé.sithe reason for this inhomogeneity
may be the inhomogeneity of particle depositionGMOS chip. Since the particles are
deposited on the CMOS chip in aerosol, the aerngbllence results in some "particle
dunes# on the chip surface (Figure 4.11). Hence ptrticles deposition on the chip
surface is not homogeneous, so the particles priorethe slide is inhomogeneous either.
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A solution for this problem is depositing and pmgfiparticles twice, since the particle
distribution is random because of the turbulencende¢, the spots with only few
deposited particles can get enough particles fothegis.

Figure 4.10: Glycine particles printed on the glsigge. The three figures are parallel on
the slide. Left, middle, and right figures corres@do the left, middle, and right slide
area, respectively. The particles on both sidesrame than the particles in the middle.

Particle dune

Figure 4.11: Xerox toner particles deposited on@hOS chip. Some areas have more
particle deposition and have the "particle dunen# Tircle around the chip comes from
the round aerosol outlet.

To sum up, the tolerance of parallelity betweerpdund slide can be 10-20n after
adjustment. The main problem of homogeneous pgnisnnot the parallelity between
chip and slide but the homogeneity of particle dgmm on the chip. A solution for this
problem is to deposit and print the particles twice

4.3.3 Voltage and Space between Chip and Slide

During the particle printing, the space betweem @nd slide is also an important factor
for deposition quality. If the space is small (< 38), the chip surface will be scratched
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or pressed by the particles. Accordingly, shortuwis are induced from distorted chip
and damage the chip during the high-voltage pmntihthe space is too big (> 10@n),
the particles spread during the transfer and cantaten adjacent pixels. Besides, the
maximum printing voltage was discussed to preveatiectrical breakdown.

Figure 4.12 shows damaged pixels on a CMOS chipoanad mark on a slide. The space
between chip surface and slide was 20-80 during printing. In Figure 4.12(a), the
pixels and grid were burnt and melted, and the Bjas on pixels are the melted toner
particles. If the chip surface is close to theeslig 30 m), the particle piles press the
chip surface. Hence, the thin (3 um) metal layéritated in the chip will be deformed.
In high-voltage particle printing, the deformed aldayer can easily cause short circuits
and the circuit will be burnt. The particles wikk Imelted by the high temperature at the
same time. When the circuit is burnt, the high terafure also caused a burn mark on the
glass slide (Figure 4.12(b)). To prevent the shloinrtuit from burning the chip, the
printing distance should be bigger than 40. Besides, the 100 V pixel voltage and 30 V
grid voltage applied on chip should be switched sff the pixels and grid can be
grounded. Grounding the pixels and grid can briwgyaexcessive electrons and protect
the circuit during the high-voltage printing.

(a) (b)
Figure 4.12 (a): The burnt CMOS-chip pixels gridheTblue spots are the melted toner
particles. The breakdown cascade and the pixelbarm in a row. (b): The burn mark
on the surface of glass slide. The toner partiatesnelted and adhere onto the slide.

The chip surface cannot be too close to the shdecan not be too far away from the
slide either. If the distance between chip andesl&ltoo big, the particles will spread
during the long transfer distance. Accordingly, tiagticles will contaminate the adjacent
pixels (Figure 4.13(a)). If the space is only 40-80, the particles will not spread in this
transfer distance, as shown in Figure 4.13(b).
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(a) (b)
Figure 4.13: Alanine particles printed onto thesglalides with different chip-to-slide
distances. (a): 150-160m. The particles spread and contaminate the adjduank
pixels. (b): 40-50 m. Few particles spread and contaminate the blestsp

The electrical breakdown caused by high electfietd is also considered. The threshold
of electrical breakdown in air (g is 33k V / cm, and the electrical field appliedthe
particle printing is 3 kV / 0.1 cm = 30 kV/cm. Thtass slide used for printing has higher
electrical-field threshold than the threshold in. diherefore, the electrical breakdown
will not appear if the voltage is smaller than 3.K/5-2.6 kV is chosen for the printing
process to prevent the electrical breakdown.

To sum up, to prevent the chip from being burrg, space between chip and slide during
high-voltage printing process should be big eno(B0 m), so that the particles will
not press the chip. The space should not be toeithgr, or the particles will spread to
adjacent pixels. Therefore, the optimal space &otigde printing is 40-50 m. In addition,
the pixel and grid voltage should be switched offprotect the circuit. The printing
voltage should be 2.5-2.6 kV.

4.3.4 Cross Contamination of Printing Result

After the printing parameters are optimized, thessrcontamination of different particles
was discussed. As mentioned in section 4.2, pestialith proper size, shape and q / m
value can correctly deposit on switched-on pixedsid do not contaminate the

switched-off pixels. However, the particles neag drea with only switched-off pixels

cannot be collected by the electrical field and rdagosit on the switched-off pixels. To

prevent this contamination, a grid was fabricatedchip and connected to 30 V. The
electrical field from the grid can collect the uad9articles to prevent the particles form
depositing onto the switched-off pixels [KRON10-2].
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To check the cross contamination of particle dedpprsi toner particles but not
amino-acid particles were used, because differemb@acid particles still have similar
color and appearance. Two kinds of Xerox tonerdchviare quite small (~6m) and
round, were deposited on the CMOS chip and there weanted onto a glass substrate.
The printing result is shown in Figure 4.14. Théddoeside the switched-off pixels
collected the excessive particles, so the partielidisnot contaminate these pixels. The
switched-on pixels can collect toner particles andtoner particles are addressed onto
wrong pixels. Based on this result, one can satytki®se should be few contamination on
blank pixels if the particles are round, small arnth proper g/m value.

Figure 4.14: Cyan and yellow Xerox toners printedoothe glass slide. The spots are
particles printed from switched-on pixels and thiglgyare particles form switched-off
pixel area. Few particles contaminate the blankdjacent spots.

4.4 Discussion

In this chapter, the particle characteristics, fongn distance and printing voltage were
discussed to optimize the particle printing qualitie reproducibility, homogeneity and
cross contamination of the printing result wereoalliscussed. For ideal particle
deposition quality on the chip, the particles shaoédround and small (2-6m). Big
particles (> 10 m) have big inertia and can not always be correatlgfressed onto the
pixels by the electrical field. The g/m value ofrjgdes should be around -4C/g. In
addition, the particles should be dry for printir@therwise, the moist particles will
adhere on the chip and the agglomerated partidleblack the aerosol system. The best
method for getting dry particles is storing thetjgées and chip-printing system in an
air-conditioned room with humidity below 30 ‘. Andter possibility is adding some
silica nanoparticles to the particles and, every time before use, tidegashould be
dried in a desiccator.
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The printing reproducibility of the chip-printingstem can be good (tolerance <rh) if

the printing system has not been vibrated andlitie & mounted in the holder correctly.
The tolerance of printing head repositioning is smaller thamband the main printing
tolerance comes from the slide mounting and slamddr. However, the slides can still be
precisely repositioned with tender knock and cdrmmounting. With high-precision
motors and contact sensors on the chip, the chipican also be parallelized to the
slide with tolerance less than 2n. However, the homogeneity of the particle printed
onto the slide is influenced not only by the chgrgllelity but also by the particle layer
homogeneity on chip. Unfortunately, the homogeneityparticle deposition on chip is
still difficult to control, because the particlesealeposited on chip by aerosol. To solve
the homogeneity problem of particle deposition, plaeticles are deposited on chip and
printed on slide twice, so the spots with too feavtigles can be covered with enough
particles for synthesis. However, if a spot is de#jea with too many particles, the
particles will also spread and contaminate thecajaspots.

During printing, the optimal distance between chipd slide is 50-60 m. With this
distance, the chip surface will not be presseddiges and the short circuit will not be
induced. The distance is also not too big such thatparticles will not spread and
thereby contaminate the adjacent spots. The torperignents also shows that the
particles will not cross contaminate the nearbytsgdhe particles are round and small.

On the other hand, the chip-printing system cdhlstiimproved in several aspects. For
the system automation and printing reproducibilayposition sensor for detecting the
relative position between chip and slide is neagsa&lith the position sensor, a feedback
control of the chip positioning can be setup sooadgprinting reproducibility can be

achieved more easily. A photo sensor might be densd for the position detection.

Mounting a USB camera beneath the slide holdebgeve the chip position is another
alternative. For the aerosol generation systemplestaaerosol generation and
homogeneous particle deposition on chip are botpomant issues. The aerosol
generation system should be improved or anotheitisal for depositing particles onto

the CMOS chip homogeneously should be developed.
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5. Combinatorial Synthesis with
Chip-printing System

After the chip-printing system was calibrated, fagticles can be printed onto slide with
good reproducibility, high coverage rate and fewntaminations. Then the printed
particles were melted to release monomers for ggmhThe synthesis result was stained
and scanned to see whether the chip-printed pestigbrk for peptide synthesis. For the
synthesis experiment, two different sequences Within, alanine, and glycine were
designed. The two sequences were stained withreliffeprotein separately for cross
control. This chapter describes the chip-printiregddl chemical synthesis process, and
discusses the synthesis results.

5.1 Synthesis with Amino Acids and Biotin

Two kinds of sequences were designed and syntliegizh the chip-printed particles,
and then the sequences were stained with two €iffetabeled proteins. The two
sequences are glycine-glycine and alanine-biotigufEe 5.1). The glycine and the
alanine were chosen since these two amino acids t@afunctional group. Therefore, the
side group protection and deprotection did not havee considered during the synthesis
process. The glycine-glycine sequence was coupidd avhemagglutinin (HA), which
can be stained with anti-HA antibody. The biotinswstained with streptavidin (STP).
The anti-HA antibody was labeled with Cy5 (waveldng§47 nm) and the streptavidin
was labeled with Cy3 (wavelength 546 nm). At lasgnner detected the emission of 647
nm from the glycine pattern and the emission of Bdtfrom biotin pattern, and then the
quality of chip-based particle printing and synthgsocess was evaluated by the pattern.
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Cy5 647 nm
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Cy3 546 nm
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Biotin
Gly

Slide with surface

| , functional groups
Figure 5.1: Two sequences were synthesized witlpalnn'ecles printed by the system. The
last glycine was coupled with HA epitope, which vesained with Cy5 labeled anti-HA
antibody. The biotin was stained with streptavi@8TP), which was labeled with Cy3
fluorescent dye.

Figure 5.2 shows the chemical structure of bioBratin has extraordinarily high and
specific binding affinity for streptavidin. The dwiation constant of biotin and
streptavidin is on the order of #dmol / L [HOLO5]. The HA epitope consists of nine
amino acids (YPYDVPDYA). It can be stained withiadA antibody.

)\NH
HN . H,C——COoO0H
HinncH,

S
Figure 5.2: The chemical structure of biotin.

5.2 Chemical Synthesis and Staining

Most steps of the particle-based synthesis argdhee as in the conventional solid phase
peptide synthesis, except the coupling step. Thagar particles are melted to release
amino acid for coupling [STAO08-1]. After couplinghe coupled monomers are
deprotected and particle residues are washed akigyré 5.3). Then the next particle

layer is printed, so the next monolayer can be lsauprhis coupling-deprotecting cycle
continues till the whole sequences are synthesized. Afterwards, the side groups on the
sequence will be deprotected for staining.
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b. Address other patrticles

d. Wash and deprotect
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Figure 5.3: Scheme for particle-based combinat@yathesis. (a): On the CMOS chip,
individual pixels are switched to voltage and getera pattern of electrical fields. The
particles are addressed onto the switched-on piggl®lectrical field. (b): Different
patterns of the pixels are switched to voltage ddress all 20 different amino-acid
particles onto the chip surface. (c): The wholestagf addressed particles is melted to
induce the coupling reaction at the same time. Edressive monomers and the particle
residues are washed away. The Fmoc protecting gsodgprotected. The coupling cycle
repeats till the peptide array is generated.

o5

5.2.1 Materials

Dichloromethane (anhydrous, analytical grade), Bdh&analytical grade), and Methanol
(analytical grade) were purchased from AppliCherar(@stadt, Germany).

Poly(ethylenglycol)methylmethacrylat (PEGMA, mol. tw ~360 g/mol),
N,N-Dimethylformamid (DMF, anhydrous, dried ovedfm molecular sieve.), Acetic
anhydride (analytical grade), Bovine serum albuBSA, 98 ', MW66000 Da) and
N,N-Diisopropylethylamine  (DIPEA, analytical grade)are purchased form
Sigma-Aldrich (Munich, Germany).

Trifluoroacetic acid (TFA, 99 ') was purchased for#cros Organics, (Geel, Belgium).

Fmoc#-Alanin was purchased form Iris Biotechnology (@atnia, USA).
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Anti-HA antibody Cy5 (647 nm), Streptavidin Cy3 @#m, purified) were purchased
form United States Biological (USA).

Slides with 2D-amino and 3D-amino coated slidesewairchased form PolyAn (Berlin,
Germany).

5.2.2 Printing and Melting of Biotin, Alanine, andGlycine Particles

Before particle printing, the glass slides showddckeaned, coated and marked. The glass
slides will be cleaned with KOH and acetone fifdten the slide should be coated so the
slide surface will have amino groups for monomauptimg. On the coated slides, three
markers are scribed with the glasscribe as posigtarences.

After the slides are prepared, the particles wallgointed onto the slide for synthesis. As
shown in Figure 5.1, the first two monomers of Hietin-alanine and glycine-glycine
sequences are alanine and glycine. The alanineglethe particles are deposited on
chip in desired patterns and then printed onto glass slide (Figure 5.4 Left). The
particles are deposited and printed twice, so #régtes on the glass slide can be enough
and homogeneous. Then the printed particles areechahd the released monomers are
coupled to the surface (Figure 5.4 Right). Thetpdnalanine particles are less then the
glycine particles, since the glycine particles hawech less contamination than alanine
particles. The reason is that almost all the glygaarticles are smaller than 1, and

10 ' of the alanine particles are bigger than 18n (see section 4.2.1). Hence, less
alanine particles are printed to prevent alaninéigda contamination. The printed
particles will be heated in an oven at 99for 90 minutes to couple the monomers onto

the slide surface. The melted glycine particledgutly merged together and have very

good coverage rate on the spots. On the contfaycdverage rate of the melted alanine
particles is not as high as that of glycine pagsclOne reason is the alanine particles
printed on the spots are less than the glycindgbest The other reason is the particle

size. A previous test shows that 113 biotin particles should be put in 168 oven for

60 minutes to be fully melted. Therefore, the alarparticles bigger than 13n can not

be fully melted and spread on surface at®#D. These melted particles just shrink into

small hemispheres (Figure 5.4 Downright). The aarhemispheres makes the particles
look unmelted, but the alanine in the hemispherescaupled onto the surface actually.

After melting and coupling, the particle residuesrgv washed away and the coupled
amino acids are deprotected for next coupling.
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Figure 5.4: First layer of alanine and glycine et on the glass slide. Left: unmelted
particles. Right: particles melted and coupled ahi surface at 90V for 90 minutes.

The glycine particle has better deposition quatlian alanine particles because the
glycine particles are smaller than alanine pasicl®ome melted alanine particles just
shrink into hemispheres but not merged togethéhesalanine particles look unmelted.

The second monolayer of the alanine-biotin and igerglycine sequence includes
glycine and biotin (Figure 5.5). 10 ' of the biotiparticles are bigger than 16n so the
biotin-particle contamination is more than the ghgeparticle contamination. The
printing and melting protocol is changed a bit tee@ome the contamination problem.
The two particles are not printed and melted atstéhimme time, but the glycine particles
are printed and melted first (Figure 5.5(a)). Thane the deprotected pixels for glycine
are coupled and blocked by glycine. Even thoughbib&n particles are deposited onto
the surface which has melted glycine particlesaalye the biotin still can not couple to
these glycine pixels. In Figure 5.5(b), some mebeatin particle can be seen on the
melted glycine spots. In addition, Figure 5.5(b)soalshows that the printing
reproducibility is good enough for the synthesis. The slide with prigliexine particles
was removed from the holder for melting, and treemaunted for biotin-particle printing.
The printing tolerance of biotin particles and ghg particles is very small and can be
ignored.
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(a) (b)
Figure 5.5: Second layer of glycine and biotin loa ¢$lide. Melted and coupled byi9 W -

90 minutes. (a): The melted glycine particles. ()e biotin particles are printed and
melted afterward. Some biotin particles are mettedhe glycine spots.

5.2.3 Protocols of Synthesis and Staining

When the particles are printed onto the slide serfgeveral chemical steps should be
done to couple, block and deprotect the monomegsid@s, the unused chemicals should
be washed away and the fluorescently labeled sivetih and anti-HA antibody will be
stained. The protocols of these steps are descabéunllowing.

5.2.3.1 Coupling the Monomers

The particles printed on the slide should firstrbelted at 90W for 90 minutes. The

monomers will be released from the particles. le thelted solid particles, the ester
group (OPfp) in the Fmoc-amino acid-Opfp compourmtivates the carboxyl group
(-COOH) of amino acids, so the amino acid can oc®upl the amino groups on the
surface.

Protocol for Coupling:
& Put the slide in coupling chamber, and infusentb the chamber for 10 min.
& Put the coupling chamber into oven for 90 °C A8 incubation.
& Take the coupling chamber out and cool it dowh rffin. ice cooling, 15 min.
in cooling room, or put the coupling chamber inmotemperature).
& Take the slides out.
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5.2.3.2 Capping the Free Amino Groups and WasliagResidue

When the monomers are coupled on the surface,tbeupled amino groups should be
blocked with ESA (Acetic anhydride) to prevent $ytis of the false peptide sequence.
In addition to ESA, the solution includes DIPEA fNDiisopropylethylamine) and DMF
(N,N-Dimethylformamid). The DIPEA is a base andis®d to catalyze ESA to react with
NH; groups. The DMF is the solvent. When the amino gsoare capped with ESA, the
unused chemicals are washed away with acetonevelry éirst washing step, the slides
will be lifted, so that the chemicals under theed can be washed away as well.

0 0
4 /
H,C——C o HC—C
/
0—cC NH
\ |
CHs R
Acetic anhydride (ESA) The amino groups eapwith ESA
3
\
3 - 3

N,N-Diisopropylethylamine (DIPEA) Dimethylformam{@MF)
Figure 5.6: Chemicals used for blocking the resida®8A is used to block the amino
groups; DIPEA is base; DMF is the solvent.

Protocol for Capping/Blocking the Residue:

& Slide withESA/DIPEA/DMF 10", 20", 70 ' (volume concentration)

& 1 x5 mininESA/DIPEA/DMF washing

& 1 x20 min inESA/DIPEA/DMF washing

& 2 x5 mininDMF washing (lift slides to wash away the ESA/DIPEA)
Wash (wash away the unused chemicals):

& 1 x5 mininAcetonwashing (lift slides)

&  Sonicate the slide for 20 secAceton

& 1 x5 mininAcetonwashing
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5.2.3.3 Fmoc Deprotection

The amino groups of the amino acids are protecidd moc groups. After capping and
washing, the amino groups should be deprotected,the Fmoc groups should be
removed by piperidin. Therefore, the deprotectedghangroups can couple to the next
deposited monomers.

CH'—_cl:Hz
O—C—0
R M
Fmoc Piperidine

Figure 5.7: Fmoc is the protecting group of aminau@s; piperidine is used to deprotect
the monomers.

Protocol for Fmoc Deprotection:

Put slide irDMF for 15 min (5 min. for the EG3 surface.)

Shake 30 min with 20 ', 80 ' (volume con.)Piperidin/DMF in shaker

3 x 5 min inDMF washing (lift slides).

2 x 3 min inMeOH washing; dry the slides with compressed air glifies).
Store the slide in coupling chamber with &hd in 4 °C for next step.

Ro Ro Ro Ro Ro

5.2.3.4 HA Coupling

The coupling-capping-deprotecting cycles repebthd whole sequences are synthesized.
Then, the HA epitopes are coupled to the glycimpisace for anti-HA antibody staining.
The sequence used to couple to the glycine is
Gly-Gly-Gly-Tyr-Pro-Tyr-Asp-Val-Pro-Asp-Tyr-Ala-GhGly-Gly. Sequences of three
glycines are coupled to both terminals to prolohg sequence. The HOBt/HBTU are
used to activate the carboxyl group of HA epitofiter the HA epitope is coupled, the
side-chain groups on HA sequence should be dejpeotec
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Figure 5.8 Chemical structures of HOBt and HBTU.B{@nd HBTU are both used to
activate the HA sequence.

Protocol for HA Coupling:

& Prepare a 10 mM solution of the Fmoc-peptide ip @MF (500 L for a
microscopy slide).

& Add 500 pL of a 12 mM solution of HOBt and HBTW dry DMF. Stir/shake
for 5 min.

& Add dry 20 mM DIPEA solution.

& Cover microscopy slide carefully with the premhsolution. Leave to react
overnight in a desiccator in dry atmosphere.

& 3 x5 mininDMF washing (lift slides).

& 2 x 3 min inMeOH washing; dry the slides with compressed air ¢lifies).

&  Store the slide in coupling chamber with &hd in 4 °C for next step.

5.2.3.5 Side-chain Deprotection

After the sequences are synthesized and coupledidle chains in the sequences should
be deprotected. The side chains are the grouggimbnomers in addition to backbone.
For example, the lysine and arginine have,Nke chain and the cysteine has SH side
chain. These side chains in the monomers can aaple to the chemicals or other
monomers, so the side chains in the monomers shoaufarotected during the synthesis
process. Different side chains should be proteloyedifferent protecting groups.

In the Fmoc synthesis, the side chains can be tepteal with TFA (Trifluoroacetic acid)

(Figure 5.9). The DCM (Dichloromethane) is usegieswell the synthesized sequences,
so the sequences can fully react with the solution.
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TFA DCM TiBS

Figure 5.9: The chemical structure of TFA (Trifloacetic acid), DCM
(Dichloromethane), and TiBS (Triisobutylsilane).

Protocol for Side-group Deprotection:

Take the dry and cold slide.

1 x 30 min inDCM swelling

Shaking for 3 x 30 min in (51 vVTFA, 3Vv' TiBS, 44Vv' DCM, 2Vv' H;0)
2 X 5 min inDCM washing

1 x 5 min inDMF washing

1 x 30 min inDMF/DIPEA 5% washing

2 x 5 min inDMF washing

2 X 5 min inMeOH washing

Dry with air and store in cold room withp,N

Ro Qo R0 Ro Ro Ro Ro Ro Qo

5.2.3.6 Blocking the Surface with BSA

When HA epitopes are coupled to the synthesizedirgdysequences, the slide surface
should be blocked with BSA (bovine serum albumB$A is a serum albumin protein
derived from cows. When the slide surface is bldckath BSA, the fluorescently
labeled molecules (anti-HA antibody and Streptaviure) can only couple to the target
(HA and biotin here) but not to the blocked surfaldeerefore, the labeled molecules will
not contaminate the surface and produce falselsigna

Protocol for Blocking the Surface with BSA:

& Prepare the TBS-T buffer. 45 mL distilled wat8r,TBS-T tablets, 23 L
Tween 20 (surfactant).

& Incubate the slide in TBS buffer for 30 min. &hydrate the coating polymer
film.

& Incubate the slide in the BSA solution (BSA: TBSuffer= 1:100), 1 hour,
room temperature, on shaker. (For 45 mL TBS-T butfse 450 mg BSA.)

& 2 x1minin TBS-T washing with gentle shaking.
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5.2.3.7 Staining with Anti-HA Antibody and Strejdav

Finally, the sequences are stained with fluore$gdabeled anti-HA antibody (labeled
with Cy5, 647 nm) and streptavidin (labeled with3C%46 nm). The dilution ratio of
anti-HA antibody is 1:1000 and the dilution ratiostreptavidin is 1:5000.

Protocol for Staining with Fluorescence-labeled &toiles:

& If the slides are dried and stored in fridge sprell the surface with TBS-T for
30 min.

& Incubate the slide in antibody solution (5 mL FB®uffer takes 5mg BSA, 5
uL anti-HA antibody (1:1000), 1 uL STP (1:5000))hbur, room temperature, on
shaker.

& 6 x5 min in TBS-T washing with gentle shakingo(Bot change the petridish,
because the dish surface is also blocked by BSA.)

& Dry the slide with nitrogen stream and storaghtiresistive container.

& The staining results are scanned with a fluoresEascanner. Two scanners are
used here. One is the GenePix 4000b scanner (iesnlé m, scan wavelength
546 nm and 647 nm) and the other is Odyssey scdremolution: 21 m, scan
wavelength 700~800 nm).

5.3 Coating on Slide

The synthesis slide should be functionalized withre groups to enable the coupling of
the first amino acid. Different coating materiaks/a different influence on the coupling
and staining. For example, the 100 ' PEGMA coatimgll be detached from the slide
surface by the TFA (trifluoroacetic acid) duringetlside-chain deprotection process
[KON10-2]. The chemical structure of the coatingtenals is also important. The
structure with few branches has little space fdreotmolecules and result in steric
indolence of coupling. Therefore, four differenidsl coatings were tested in the
experiment to find the optimal surface for the &sis and staining experiment. The
coating materials included 10:90-PEGMA-co-PMMA polr films (PMMA is
polymethylmethacrylat; PEGMA is Poly(ethylenglyaoBthylmethacrylat) and APTES
(Aminopropyltriethoxysilane) [STA08-2, STAQ7]. Twather kinds of commercial slides
from PolyAn (Berlin, Germany) were also used.

The chemical structure of the APTES is shown iruFégs.10. The chemical structures of
PEGMA/MMA and related chemicals are shown in Figbrél - 5.13. The APTES is

self-assembled monolayers (SAMs). The APTES lageemns of angstroms thick. The
silicon atoms in APTES couple to three oxygen atonigch couple to the surface, and
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the last bond of silicon couples to the carbonrthath amino groups. On the other hand,
the PEGMA/MMA is nm-scale polymeric coating. The@GMA/MMA coating is much
thicker than APTES coating and provides a moreigB®4dtructure.

Figure 5.10: The chemical structure of APTES. The&bon chain binds to the surface
with one silicon and three oxygen atoms. On theaiteal of the carbon chain is an amino
group for coupling.

~N 7N

PEGMA PMMA #-Alanine
Figure 5.11: Chemical structure of PEGMA, PMMA ahadlanine. The quoted parts of
PEGMA and PMMA compose the backbone of the strectufhe #-Alanine
functionalizes the PEGMA/MMA structure with aminoogps.
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| »
Figure 5.12: Chemical structure of PEGMA/MMA. Thedr branches come from
PEGMA and the blue branches come from PMMA.

e P
HoN - )k

H.
/ill"'/,
|
Figure 5.13: Chemical structure of PEGMA/MMA furanialized with#-Alanine. The
#-Alanine binds to the PEGMA branch and providesrengroups.

)J\/\NHZ

In the PEGMA/MMA structure, the quoted carbon ckainmpose the backbone, and the
rest parts become the branches of the structure.tdiminals of the PEGMA branches
were functionalized with#-Alanine and, hence, have amino groups. With tlfandhes,
the PEGMA/MMA structure is a tree-like structuretee amino groups have more space
to couple with the other molecules.

Figure 5.14 and Figure 5.15 show the synthesis ataining result of 10:90
PEGMA-co-PMMA polymer coated slide and APTES coastide, respectively. The
green signal represents the Cy3 labeled streptgwhich couples to the biotin. The red
signal represents the Cy5 labeled anti-HA antibedyich couples to the HA epitope. In
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the staining result of PEGMA/MMA coated slide, tteeptavidin and anti-HA antibody
stains the biotin and HA specifically. The two ftescences can be clearly detected and
the stained areas are distinct. In addition, thelld streptavidin and anti-HA antibody
do not have non-specific binding. The Cy3 and Oghals around the chip come from
the contamination particles. During particle deposj the particles in the aerosol
deposited not only on the pixel area but also anafea around. These contamination
particles were transferred by electrical field aodipled onto the functionalized surface
as well.

Figure 5.14: Staining result of 10:90 PEGMA-co-PMMlymer coated slide. The
green signals are Cy3 labeled streptavidin and sigdals are Cy5 labeled anti-HA
antibody. Scan resolution: .

The staining result of APTES coated slide is nog@sd as the result of PEGMA/MMA
coated slide (Figure 5.15). More background wasndesl from the staining result of the
APTES coated slide. The non-specific staining cardibe to the different properties of
different coatings.

In addition to the PEGMA/MMA and APTES slides, tb@mmercial 2D and 3D slides
from PolyAn are also used in the synthesis expariniEhe staining result of the PolyAn
2D and 3D slides are shown in Figure 5.16 Althodlgére are several non-specific
staining in the staining result of PolyAn 3D slidee pattern of Cy3 labeled streptavidin
can still be seen. For the Poly 2D slide, no pattan be seen in the scanning result. The
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exact compositions of the commercial PolyAn 2D &mi slides are unknown, so the
reason for the contaminations can not be partiuthscussed.

Figure 5.15: Staining result of APTES coated slitlee green signals are Cy3 labeled
streptavidin and red signals are Cy5 labeled aAtiaHtibody. Resolution: 5m.

PolyAn 3D PolyAn 2D

Figure 5.16: Staining result of PolyAn 3D and P2 slide. The green signal is Cy3
labeled streptavidin and red signal is Cy5 labededi-HA antibody. Resolution of
PolyAn 3D: 21 m. Resolution of PolyAn 2D: 5m.
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5.4 Discussion

In this chapter, the particle-based synthesis ifopaed with amino acids and biotin, and
the array with spot density of 10,000 spotsicim successfully synthesized. This
experiment shows that the surface can be functmnalith not only amino acids but also
other monomers such as biotin. On the surfaceségeiences can be synthesized with
amino acids and other monomers, and can be usesk¥eral biochemistry applications
such as further coupling and staining.

Comparing the staining result of different coatelides, including the 10:90
PEGMA-co-PMMA, APTES, PolyAn 3D and PolyAn 2D, the comparison indicates that
the surface coating should be given preference.Ilh@0-PEGMA-co-PMMA polymer
shows better staining result than the other thneelskof coating. However, further
investigation should be done to find the optimahtotg, and the synthesis and staining
should be discussed to find the reasons of thespegific binding.

In the synthesis experiment, the particles aretguintwice to solve the problem of

inhomogeneous deposition, so that the particleggationto the spots can be enough for
synthesis.

85



6. Conclusion

6.1 Discussion of Results

This CMOS-chip based printing system enables symthesize 10,000 spots / Tarray

on a substrate. Comparing with the synthesis-op-stéthod [BEY07], the CMOS-based

printing system makes the CMOS chip reusable, amdthe array can be synthesized on
glass substrate, which is cost-effective, robustchtemicals, even, and already well
adapted for biochemistry use. Another advantadleatthe particles can be printed onto
different areas of the slide, doubling the numbeotal spots synthesized on a slide.

Comparing with the laser-printing system [STA08-ihe array synthesized with
chip-printing system enables 25 times higher smotsidy (10,000 spots / émw.s. 400
spots / crf) and better coverage rate of the printed particles

Comparing with the SPOT method [FRA92, FRA02-1, PRA&] and photolithographic
method [FOD91], the particle based synthesis esatvlach higher spot density than
conventional SPOT synthesis (10,000 spots 7 e 25 spots / cfh The time needed
for synthesis is about 20 times shorter than tregdithographic method.

6.1.1 System Construction

The CMOS-chip based printing system is construttedutomate the particle printing
process. The system reads particle printing pateonm the text file, generates particle
aerosol, deposits particles onto CMOS chip in @espatterns, and prints the particles
onto the glass slide. With proper manipulation, t@producibility tolerance of particle
printing can be smaller than %n. The tolerance of parallelity between chip andesis
smaller than 20 m after adjustment. The deposition quality on asipnonitored by a
digital microscope. The time needed for printinge &ind of particles is 80 seconds, so
the printing time needed for 1 monolayer is 80 ¢sels) x 20 (amino acids) = 1600
seconds (26.6 minutes). The time needed for pgritih monolayers is 80 (seconds) x 20
x 15 = 400 minutes. Comparing with the time neeflmdsynthesis, the chemistry
reactions need more than 2 hours (see section)5.2a3 the bottleneck of array
fabrication time is still dominated by the chemysteaction time but not by the printing
time.
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However, the chip-printing system is not fully autted yet, and some problems still
have to be solved for system automation. First mkk that several trivial requirements
should be met for the printing reproducibility, ;@nthe system has no position sensor for
feedback control of chip positioning. The probleimsautomation of particle deposition
include the aerosol generation is not stable aadjthality of particle deposition can not
be evaluated automatically. The chip can be damagesily also disadvantages the
automation.

6.1.2 Quality of Particle Deposition

The particle characteristics are important for dgggrg enough particles onto the chip
and with few cross contamination. The particlesusthdoe small (2-6 m) and have no
particles bigger than 10m. Besides, the particles should be round, andythevalue
should be about -4C/g [LOF11]. In addition, the particles should bg during printing
so the particles will not block the aerosol systemd stick on the chip surface. Therefore,
the whole aerosol system should be stored in aooaiditioned room. Otherwise, the
particles should be added more silica nanopart{@esosil, 0.05 ' of particle mass) and,
every time before use, be dried in a desiccator.

For the printing homogeneity, although the chipfaee can be parallelized to the slide
with the printing system, the inhomogeneous partagposition on the chip still makes
the printing result inhomogeneous. Depositing anadtipg particles twice can make the
particle layer more homogeneous and enable encaigiclps printed onto the spots.

The optimal printing distance between chip andesigd50-60 m. With this distance, the
chip will not be pressed by particles and not benbby the high voltage. On the other
hand, the chip will not be too far away from sl&tethe particles will not spread on the
slide surface.

6.1.3 Combinatorial Synthesis Result

With the particles printed with the chip-printingsseem, we synthesized two different
sequences, which consist of amino acids and biotirthe slide surface. The deposition,
printing and synthesis process is proven to be wattk the staining results.

Comparing the scanning results of different coatiédes, the 10-90-PEGMA-co-MMA
polymer coated slide shows better staining resalt the other three coatings. However,
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further investigation is still needed to find thatimal coating material and to reduce the
non-specific binding.

6.2 Application

The CMOS-chip based printing system can be usextind particles in desired patterns
on any solid material, as long as the materialastacal insulating and can be fixed in
the holder. The spot density of the printing isODD, spots / cf In addition, the particles
melted on the surface has no micro-bubble insiddlewthe conventional ink printing
suffers the bubble problem. This non-bubble adwgmtés very important to the
application of electrical circuit printing.

The synthesis and staining result shows that wefwationalize the slide surface with
amino acids and other monomers, and the array glecesit be 10,000 spots / &nThis
functionalized surface can be applied to varioekl§, such as label free detection, lab on
chip and solar cell.

The high-density peptide arrays anticipated to yrgthesized with the printing system
and applied to the proteomic research, including pinotein-protein, protein-peptide,
protein-DNA, protein-RNA, or protein-metal interemts. When the high-density peptide
arrays can be synthesized, the spot density (10sp66s / crf) of the peptide array is
much higher than that of conventional SPOT metl88d768 spots / cfi Accordingly,
the cost for high-throughput peptide screening weitiip-printing method is 100 to 25
times lower than that of the conventional SPOT meth

6.3 Next Generation of the Chip-printing System

The next generation of chip-printing system shobéd more automated. Besides, the
particle-printing quality on the slide can also toether improved by improving the
aerosol generation system.

For automation, the position sensor for chip and slide should be mounted padtittie
deposition quality should be evaluated automatic&llith position sensor, the process of
aligning the chip with slide will be significantlgimplified, since the relative position
between chip and slide can be monitored and adjiamtéomatically. The evaluation of
deposition quality is also important because thalityuaerosol deposition on chip is not
predictable. If the printing system can evaluate the deposition quality iifselgn
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automatically decide whether it should repeat tagigde deposition on chip should or
not.

Redesign the system geometry is another imporsaneifor automating the system. One
geometry problem comes from the sixty PVC tubeth& aerosol system. The aerosol
system needs sixty tubes to transport and recyeeaerosol, and all these sixty tubes
should travel 400 mm during the printing. Henceywagh space and new geometry design
are necessary for the tube motion. Another geomgirgblem is that the
particle-recycling suction cups on the aerosolaisttan collide with the chip connector.
Therefore, the suction cups or the chip connedtoulsl be redesigned for automation as
well.

Improving the structure and space use of the sysemother task. Although the aerosol
system needs more space, there is still surplussp@newhere in the whole system. For
example, a lot of space near the slide holder ised. Therefore, the whole structure can
be redesigned to optimize the space usage efficiend make the system smaller.

The CMOS chip can also be improved. The current GWHip has about 16,000 pixels,
so 16,000 spots can be synthesized with one CM@S I€tthe future chip has double or
triple pixels, the synthesized spots can also héldal or tripled. In addition, involving
the distance sensor and position sensor into th®©EMhip can significantly helps the
system automation.

To improve the particle deposition quality, thecsal generator should be improved for
stable aerosol generation and homogeneous partief@sition. Now the aerosol
generation is significantly influenced by the padicharacteristics, the particle amount
in reservoir, and the pressure of injected air.réfuge, the aerosol generation is unstable
and the generation system should be fine tuned wésn according to the particle
amount in reservoir. In addition, the particles bérck the aerosol outlet easily and make
the automation of aerosol generation difficult asllwHence, a solution for preventing
the outlets from being blocked with particles slioalso be developed.
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Al. Amino Acids
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Methionine-Met-M Phenyalanine-Phe-F  Tryptophan-Trp-WHistidine-His-H
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Cysteine-Cys-C Tyrosine-Tyr-Y

Aslara‘neAan

Serine-Ser-S Threonine-Thr-T Glutamine-GIn-Q Glutaatid-Glu-E
Figure Al.1l: The chemical structure of 20 standardino acids. Three-letter and
one-letter codes are also given here. The colokgraand shows different chemical
properties of the amino acids. Charged polar angioidls are on green background,
non-charged polar amino acids are on blue backgkcamd non-polar amino acids are on
yellow background. Clycine has lowest molecular ghieiand greatest flexibility in
binding angles in the peptide chain.
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A2. LabVIEW Program

2. Check CMOS chip

1. Initialize

Figure A2.1-1: Main program of chip-printing systeihe program is cascade structure
so the commands can run one by one. The programnshere loads the printing pattern
and activate the CMOS chip.
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4. Aerosol generation
& particle deposition

3. Load amino-acid pattern
Switch the chip pixels

Figure A2.1-2: Main program of chip-printing systelthe program is cascade structure
so the commands can run one by one. The programnshere actuates the motors and
runs the aerosol generation system.
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if the deposition is bad.

5. Use microscope to checké. Deposit particles twice or three times

the deposition quality.

Figure A2.1-4: Main program of chip-printing systefthe program shown here moves
the CMOS chip to microscope to check particle déjposto see if second or third
particle deposition is necessary.
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8. Go to zersifon

7. Print the particles onto slide.

Figure A2.1-3: Main program of chip-printing systefthe program shown here moves
the CMOS chip to the glass slide to print partideso the slide, and moves the CMOS
chip back to the initial position.
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Figure A2.2: Beckhoff 24V program. This program tols the Beckhoff Twincat
hardware, which can switch 24 V voltages. Thes&/ 2#ltage can switch the valves in
aerosol generation system and the power supplyrefdys.
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A3. 3D UniGraphics Drawing of the System

Motor/

Printing
head
CMOS chi
Glass slide
Slide holder Aerosol outlets
and motor
and motor ,
200 mm~ X’ky

Figure A3.1: Printing system. The CMOS chip is mtednon the printing head, which

can be moved in X and Z direction by the motorse Phinting head also has two tilt

stages to parallelize chip with slide. The aeraadlets are moved by a motor with long
travel range, so the chip can get different amicid-particles. The glass holder is also
mounted on high-precision motor so the chip cantnto different area of the slide.
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Figure A3.2: Printing head. This printing head utd#s two high precision motor (0.5)
and two tilt stages, so the chip can be moved high precision. The CMOS is fixed on
Chip plate 1 with 4 screws, and the Chip plate thh@anted on Chip plate 2. Therefore,
the Chip plate 1 can be dismounted from the pmntiead to replace the CMOS chip.

50 mm

Figure A3.3: The slide holder and the motor. Théesis mounted in the slide holder so
slide can be repetitively mounted in the same msitThe slide motor is also high
precision motor, so the chip can print particlesectly onto the slide.
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Figure A3.4: Aerosol outlets and motor. Twenty aetcoutlets are arranged into two
rows. The travel range of the motor is 400 mm,rso different aerosol outlets can be
moved to the CMOS chip.

40 mm

Figure A3.5: The aerosol outlet. Two suction cups @mounted on the aerosol outlet.
After particle deposition, the unused aerosol isked by the suction cups and goes
through a recycling filter to recycle the unusedipkes.

105



A3.6: Chip cleaner. The bottom has two holes. Thallshole is for a nozzle which
blows off the particles on chip with compressed dihe big hole is for the tube
connecting to a vacuum generator, so the cleameswek the blown-off particles.

A3.7: Chip-printing system, cover, and table. Tbeer can be opened form the front and
left side for experiments. The printing system sumted on the left side and the aerosol
system will be mounted on the right side of thdeab
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A4. Motor Control Interface

To control the system motors with LabVIEW program, PCI (Peripheral Coonecti
Interface) card, motion interface, or stepper drae used as interfaces between
computer program LabVIEW and the motors. The mobans Pl (Physik Instrumente)
can be simply controlled with PCI cards and Pl cartbrary for LabVIEW (A4.1). On
the other hand, the Festo motor is mainly for induspplication, so some control
interfaces from NI (National Instruments) are usedontrol the Festo motor (A4.2).

A4.1: Pl motor control. The PCI card from PI is gged in the computer slot and then
the user can control all the Pl motors with LabVIBWC++ program.

A4.2: Festo motor control. The Festo PCI card (d): PCI-7332 Stepper motion
controller is plugged in the computer slot and @mis to a motion interface (b): NI
UNI-7772 Universal motion interface. This motion intex converts the digital
commends from the PCI card and send it to the steqor driver (c): NI P70530 Stepper
drive. The driver switches 48 volt to actuate théeps motor (d): Festo
EMMS-ST-57-S-SE, and the motor moves the axiske}sto EGC-70 axis.
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A5. Production of Particles|nesio-2]

1. For the composition of amino acid particles, sadion 4.1.
2. The 20 different Fmoc-protected and C-terminaltyivated amino acid derivatives
were from Fluka:

Fmoc-L-ALanin-OPfp; Fmoc-L-Cys(Trt)-OPfp; Fmoc-LASpBU)-OPTfp;
Fmoc-L-Glu(OtBu)-OPfp; Fmoc-L-Phe-OPfp; Fmoc-dI-8DPfp;
Fmoc-L-His(Trt)-OPfp; Fmoc-Llle-OPfp; Fmoc-L-Lys(t8)-OPfp;
Fmoc-L-Leu-OPfp;Fmoc-L-Mest-OPfp; Fmoc-L-Asn(TrtP@; Fmoc-L-Pro-OPfp;
Fmoc-L-GLn(Trt)-OPfp; Fmoc-L-Arg(Pbf)-OPfp; Fmoc-&er(OtBu)-OPfp;

Fmoc-L-Thr(tBu)-OPfp; Fmoc-LVal-OPfp; Fmoc-L-Trp-@F Fmoc-L-Tyr(tBu)-OPfp.

3. Mix together the constituent parts of amino guadticles and solubilize by stirring in
3!4 weight equivalents of acetone (w/w). The ingeeds are: Fmoc-protected OPfp
-esters of the 20 different amino acids (10" w/wgither N,Ndiphenylformamide (DPF),
diphenyl sulfoxide (DPSO), or ghtolyl sulfoxide (DTSO) as "solid solvent# (25" w/ly
resin (60" w/w, either polystyrene or S-LEC P LT-%2), Pyrazolone orange (4' w/w),
and sodium-di(aqua)-di(2-hydroxy- 3-napthoic acitjate(lll) (1' w/w; see Note 2).

4. Remove the bulk of acetone for 20 min at 30°@ distillator.

5. Remove acetone overnight in a freeze dryer.

6. Store the particle mass under nitrogen in acdatr for months at room temperature
(see Note 1).

7. Premill the particle mass with a rotating saissuill to yield particles with an average
diameter of 100!200 m (see Note 3).

8. Slowly feed in the resulting particles into am gt mill. During milling, silica
nanoparticles (0.05' w/w) are added (see Note 4).

9. This procedure results in particles with averdigeneters from 4 to 10m (check with
microscope).

10. For a narrow size distribution and thus unifgysical properties, remove particles
beyond 32 m with analytical sieves (see Note 5).

11. Remove patrticles with a diameter <t with a winower (see Note 5).

12. Analyze individual particle batches for narrsize distribution with a mastersizer.
Starting with 100 g particle mass, a typical mantufang run should yield 70 g amino
acid particles in the size range between 4 andn20

13. Analyze particle batches for their triboelectrharge by a Q/m meter. A typical result
would yield an electric charge of appr&d C/g of particles (Fig5; see Note 5).

14. Analyze particle batches for their melting bababy dynamic difference calorimetry.
The melting point should be between 70 and 75°C.
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A6. Synthesis and Staining Steps of Biotin and

Amino-acid

Get slide and patrticle Clean the slide with NaOld #ren coat with
PEGMA/MMA or APTES.

Mark on Slide

1% layer

Print Gly particles on slide
twice

Clean the chip afterward.

Print Ala particles on slide
twice

Melt and couple Ala and Gly

Coupling protocol (seetion 5.2.3)

Capping (block residue)

Block residue protocol (seetion 5.2.3)

Wash

Wash protocol

Deprotection

Deprotect / remove Fmoc protocol gastion 5.2.3)

2nd layer

Print Gly twice

Melt and couple Gly

Coupling protocol

Print Biotin once

Melt and couple Biotin

Coupling protocol

Capping (block residue)

Block residue protocol:

Wash

Wash protocol (see section 5.2.3)

Deprotection

Deprotect / remove Fmoc protocol Eaxtion 5.2.3)

Biotin and HA

HA coupling on to Gly

(HA) activation with HOBt/HBT

Deprotect the Fmoc on HA

Deprotect / remove Fmaotqmol

Deprotect the side groups of H

A After peptide sesth, deprotect the side groups
STP, HA antibody, biotin Gly, Ala has no side chain

Block the surface with BSA

BSA blocking protocoééssection 5.2.3)

Staining with HA antibody and

Streptavidin

Staining with fluorescence-labeled molecules.

Scanning

Odyssey scanner
Resolution: 21 m, Scan wavelength 700~806n
DKFZ scanner: GenePix

Resolution 5 m Cy3 (546 m) Cy5 (647 m)
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