Novel Chemical Approach for the Site Selective Generation

of Complex Self-Assembled Virus Derivatives

zur Erlangung des akademischen Grades eines
DOKTORS DER INGENIEURWISSENSCHAFTEN (Dr.-Ing.)

der Fakultat fir Chemieingenieurwesen und Verfahrenstechnik des

Karlsruher Institut fir Technologie (KIT)

genehmigte
DISSERTATION

von
MSc. Carlos Arturo Azucena Serrano
aus El Salvador

Referent: Prof. Dr. Matthias Franzreb
Korreferent: Prof. Dr. Jirgen Hubbuch
Tag der mandlichen Prifung: 5.Dezember.2012






Novel Chemical Approach for the Site Selective Generation of Complex Self-Assembled Virus Derivatives
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Planned with our heart,
And cared with our brain, be for the benefit
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But I do believe in a fate that falls on them unless they act”
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Abstract

The ability of self-assembly of biopolymers into functional virions — mature viral particles — combined
with the modular quality of viral genomes, provides a vast potential for biologically based nano-
engineering. One of the most promising biomolecule complexes is the Tobacco mosaic virus (TMV),
which is a tube-shaped, exceptionally stable plant virus. Up to today it has been demonstrated that
TMVs can be assembled in-vitro and adsorbed onto surfaces. However, this results in only weak
binding forces and a far from optimum distribution and orientation of the TMVs. Therefore, the main
goal of this dissertation is to develop a method which allows an efficient and site-selective
immobilization of viral-RNA on oxidic and polymeric surfaces. By the help of these substrates
cooperation partners at Stuttgart University were able to produce bottom-up self-assembled TMV-like
particles with well-defined sequential order of coat proteins. Two new chemical approaches for the
synthesis of substrates with covalently bound viral-RNA are introduced: Aldehyde converted
alkoxysilanes and in-house synthesized isothiocyanate (ITC) alkoxysilanes. Both chemical strategies
allow the activation of oxidic surfaces for the covalent immobilization of DNA oligomers, which, in
turn, served as linkers for the viral RNA. By the use of the generated templates the site-selective
bottom-up self-assembly of TMV-like particles is successfully demonstrated, for the first time. In
comparison the newly developed isothiocyanate-terminated silane chemistry showed superior
performance than the aldehyde-based surface chemistry. The successful conversion of 3-
aminopropyltrimethoxysilane into 3-isothiocyanatepropyltrimethoxysilane was confirmed using
infrared spectroscopy. In addition Raman spectroscopy was applied to follow up the behavior of the
reactants consumption. The ITC-terminated silane was coupled to two different non-structured oxidic
substrates: SiO, wafers and glass slides. Besides glass and Si wafers with a native oxide layer also the
polymer polydimethylsiloxane (PDMS) was used as substrate material, whereby PDMS was irradiated
with UV-light in order to create an oxidic layer on top of the polymer. In all cases, the substrates were
prepared, chemically modified and characterized intensively by surface analytical methods, such as X-
ray photon spectroscopy (XPS), atomic force microscopy (AFM), contact angle (CA) measurements
and fluorescence microscopy. In order to achieve a spatial selective immobilization of the viral
particles, the coupling strategies were combined with different structuring techniques, such as micro
contact printing (LCP), Dip Pen Nanolithography (DPN) and UV-light irradiation. In all cases a site-
selective bottom-up growth of TMV-like particles could be shown, however, substrates with native
oxidic layers resulted in higher particle densities. Further goal will be to genetically modify the virus
coat proteins in order to generate different functional groups, which can be arranged in a selected order
along the longitudinal axis of the virus-like particles. In addition strategies should be developed, which

allow the TMV-like particles to stand upright on the surface.
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Zusammenfassung

Die Fihigkeit der Selbstorganisation von Biopolymeren zu funktionalen Virionen, d.h. reifen
Viruspartikeln, kombiniert mit den modularen Eigenschaften des viralen Genoms, bietet ein grofles
Potenzial fiir biologisches Nano-Engineering. Eine der vielversprechendsten Biomolekiilkomplexe ist das
Tabakmosaikvirus (TMV), welches ein rohrférmiges, aulergewohnlich stabile Pflanzenvirus ist. Bis heute
hat es sich gezeigt, dass TMVs in vitro zusammengebaut und an der Oberflichen adsorbiert werden kann.
Dies fiihrt jedoch zu nur schwachen Bindungskrifte und zu einer nicht-optimalen Verteilung und
Orientierung des TMVs. Das Hauptziel dieser Dissertation ist daher eine Methode zu entwickeln, die eine
effiziente und ortsselektiven Immobilisierung von Virus-RNA auf oxidischen und polymer-basierten
Oberflichen ermoglicht. Mit Hilfe dieser Substrate produzieren unsere Kooperationspartner an der
Universitdt Stuttgart bottom-up selbstorganisierte TMV-Partikel mit einer definierten Reihenfolge der
Hiillproteine. Zwei neue Ansitze fiir die chemische Synthese von Substraten mit kovalent gebundenen
viralen RNA konnte eingefithrt werden: Aldehyde umgewandelt zu Alkoxysilane und in-house
synthetisierte Isothiocyanat (ITC) Alkoxysilanen. Beide chemischen Strategien ermoglichen die
Aktivierung oxidischer Oberflichen zur kovalenten Immobilisierung von DNA-Oligomeren, die ihrerseits
als Anbindung der viralen RNA ermoglicht. Durch Verwendung von Schablonen konnte eine ortsselektive
bottom-up-Selbstorganisation von TMV-idhnlichen Partikenn zum ersten Mal erfolgreich gezeigt werden.
Im Vergleich zeigt die neu entwickelten Isothiocyanat-terminierte Silanchemie eine bessere
Leistungsfihigkeit als der Aldehyd-basierte Oberflachenchemie. Die erfolgreiche Umwandlung von 3-
Aminopropyltrimethoxysilan in 3-Isothiocyanatepropyltrimethoxysilan wurde unter Verwendung von
Infrarot-Spektroskopie bestitigt. Dariiber hinaus wurde Raman-Spektroskopie angewandt, um die Kinetik
des Reaktantenverbrauchs zu untersuchen. Die ITC-terminierten Silane wurden auf zwei unterschiedlichen
nicht-strukturierten oxidischen Substraten gekoppelt: SiO,-Wafern und Glasobjekttrigern. Neben Glas und
Si-Wafern mit einer nativen Oxidschicht wurde auch das Polymer Polydimethylsiloxan (PDMS) als
Tragermaterial benutzt, wobei PDMS mit UV-Licht bestrahlt wurde, um eine oxidische Schicht auf dem
Polymer zu erzeugen. In allen Fillen wurden die Substrate vorbereitet, chemisch modifiziert und intensiv
durch die Oberfliche analytische Methoden, wie X-ray Photonen-Spektroskopie (XPS),
Rasterkraftmikroskopie (AFM), Kontaktwinkel (CA) Messungen und Fluoreszenzmikroskopie
charakterisiert. Um eine ortsselektive Immobilisierung der viralen Partikel zu erreichen, wurden die
Oberfldachen mit unterschiedlichen Techniken strukturiert, wie micro contact printing (mCP), dip pen
nanolithographie (DPN) und UV-Licht-Bestrahlung kombiniert. Ein ortsselektives bottom-up Wachstum
von TMV-idhnlichen Partikeln konnte gezeigt werden, dabei fiihrten Substrate mit nativem oxidischen
Schichten zu hohere Teilchendichte. Weiteres Ziel ist die genetischen Modifizierung des Virus
Hiillproteins, um verschiedene funktionelle Gruppen zu erzeugen, die in einer ausgewihlten Reihenfolge
entlang der Langsachse der virusdhnlichen Partikel angeordnet werden. Zusitzlich Strategien werden

entwickelt, die es erlauben, die TMV-dhnlichen Partikel senkrecht auf der Oberfldche zu fixieren.

II
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FIGURE 10.- SELF-ASSEMBLY PROCESS OF TMV MECHANISTIC MODEL FOR THE RNA-DIRECTED SELF-ASSEMBLY OF TMV-LIKE PARTICLES IN THE 5’
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FIGURE 12.- AFM TOPOGRAPHY IMAGE SHOWING SHOWING THE PS-PMMA STRUCTURED SUBSTRATE. A PARTIAL DISOLUTION OF THE PMMA
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FIGURE 56.- SCHEME FOR DiP PEN NANOLITHOGRAPHY EXPERIMENTS. A) AMINOFLUORESCEIN DEPOSITION FOR ASSESS OF THE CHEMICAL REACTIVITY
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ABILITY OF THE ITCPTES TO IMMOBILIZE PARTICLES. «.vvtteeeutrtteessuuretesssssseeeesssssssesansusssseessssssseessssssssssnssssesssnsssesessssssessessnsssseeessnns 4-56
FIGURE 57.- DARK FIELD LIGHT MICROSCOPY IMAGES FROM DPN RECEIVED SAMPLE. ALL THE SAMPLES WERE DONE FOLLOWING THE SAME
PROCEDURE. UPPER ROW OF SPOTS IN THE SAMPLE BELONG TO 20% R.H INCREASING UP TO 50% R.H ...eeeiiiiiiiiiiieecetee e 4-57

FIGURE 58.- A) FLUORESCENCE IMAGE OF DPN PRODUCED SPOT ARRAY ON SAMPLE 1. B) A 10X MAGNIFICATION PICTURE SHOWING ALSO THE
SPOTTING PATTERNS OF THE ITCPTES VARYING WITH THE RELATIVE HUMIDITY OF THE CHAMBER. AFM TOPOGRAPHIC IMAGE OF A RANDOM
PATTERN IN THE 50% R.H. ROW ON SAMPLE 1. ON THE TOP (C) A PROFILE OF THE MIDDLE ROW OF THE 5X5 ARRAY AND BOTTOM RIGHT (D)
A TOPOGRAPHY AFM IMAGE OF AN ALEATORY PATTERNED AREA. ....

FIGURE 59.- AFM TOPOGRAFICAL EXAMINATION ON A DPN ARRAY PRODUCED WITH ISOTHIOCYANATE SILANE. A) IMAGES FROM THE SAMPLE 4
ARRAY AFTER THE WASHING AND INCUBATION STEP (ITCSILANE SITES ON WHITE). B) TOPOGRAPHICAL IMAGE OF A RANDOM SINGLE SPOT
BEFORE ANY TREATMENT AND WASHING IS PERFORMED. C, D) FILTERED IMAGES USING THE SOFTWARE TO ENHANCE THE CONTRAST BETWEEN
THE PARTICLES AND THE SUBSTRATE (IN D) CASE THE PARTICLES ARE SHOWN IN BLACK). UPPER ROW A 25X25 MICRON SCAN AREA WAS
SELECTED (A,B) AND ON THE LOWER ROW A 3X3 MICRON ZOOM ON THE SPOT EXACTLY IN THE MIDDLE IS DONE. .c.vveveereeeeeenseesseeseessessnensens 4-60

FIGURE 60.- PROCEDURE OF SELECTIVE IRRADIATION AND FURTHER FUNCTIONALIZATION OF PDMS. A NON TRANSPARENT MASK COVERS PARTIALLY
THE SUBSTRATE ALLOWING THE EXPOSED PART TO BE OXIDIZED AND TRANSFORMED INTO A SILICA LIKE LAYER WHICH IN TURN IS
ISOTHIOCYANATE SILANIZED. AFTERWARDSS THE EVALUATION TAKES PLACE IN THE INTERFACE OF THE TWO REGIONS. ..ceeevsuvvriersrirreeesssiveeeeans 4-62

FIGURE 61.- REACTION SCHEME FOR THE PDMS IRRADIATION PROCESS USING AN UV/O3 LAMP. 1) THE UV LIGHT AT 185 NM  WAVELENGHT
TRANSFORMS THE OXYGEN IN THE AIR IN REACTIVE RADICAL AND OZONE. Il) THE OZONE IN COMBINATION WITH THE UV ATTACKS THE METHYL
GROUP OF THE UPPER LAYER OF CROSSLINKED PDMS LEADING TO FORMATION OF FURTHER OXIDIZED GROUPS. I11) FURTHER REACTIONS LEAD
THIS OXIDATED SPECIES TOWARDS THE FORMATION OF HYDROXYL GROUPS ON THE SURFACE. eeeuuvvieeeeeiiiireeeninrreesssnreeessssnreeeseesssnnseeessnns 4-62

FIGURE 62.- AFM TOPOGRAPHY IMAGES OF PDMS SUBSTRATE BEFORE (A) AND AFTER THE IRRADIATION WITH A UV/O3 CHAMBER THROUGH A
MASK AND FURTHER SILANIZATION (B). AFM PHASE CONTRAST IMAGES ARE SHOWN IN THE SAME LAYOUT C) FOR NON IRRATIATED SAMPLES
AND D) AFTER IRRADIATED AND ITC-SILANIZED SUBSTRATE

FIGURE 63.- AFM PHASE CONTRAST IMAGE OF PDMS SUBSTRATE BEFORE (A) AND AFTER THE IRRADIATION WITH A MASK (B). ON THE RIGHT, THE
PICTURE CAN BE DIVIDED FURTHERMORE IN A IRRADIATED AREA ON THE RIGHT AND A PROTECTED AREA ON THE LEFT...ceeeviuurreersrireeeeseninneeens 4-65

FIGURE 64.- SCHEME OF DIFFERENT REGIMES WHEN RECORDING AN AFM FORCE-DISTANCE CURVE. DURING THE APPROACH OF THE CANTILEVER
ONTO THE SUBSTRATE, ATTRACTIVE FORCES CAUSE A SNAP-IN INTO THE SUBSTRATE, THE PIEZO CONTINUE THE HARD CONTACT REGIME ON THE
CONSTANT COMPLIANCE REGION, AND WHEN IT REACHES THE DEFLECTION SET POINT, A RETRACTING MOVEMENT IS STARTED. THE ADHESION
FORCE BETWEEN THE AFM TIP AND THE SUBSTRATE CAUSE THE BENDING OF THE CANTILEVER ON THE OPPOSITE DIRECTION UNTIL THE FORCE
OF THE PIEZO RETRACTING OVERCOMES THE ADHESIVE FORCES. .uvvvtteesurrreesesiuueeeesssuseeeessissnsessssessssssesssssssesssssssessssassesessssssesessnnsennes 4-66

FIGURE 65.- FORCE MAPPING OF A PARTIALLY IRRADIATED AND SILANIZED PDMS SUBSTRATE. A) TOPOGRAPHIC IMAGE OF THE AREA IN STUDY,
B)PHASE CONTRAST IMAGE AND C)FORCE MAPPING IMAGE TAKEN FROM THE ADHESION FORCE CALCULATED ON THE SURFACE. ON THE LEFT,
CURVES TAKEN RANDOMLY TO SHOW THE FORCE AND ADHESION ON THE CANTILEVER AFTER TREATMENT. ON THE RIGHT, A NON-TREATED
AREA CURVES SHOWING A HIGHER ELASTIC DEFORMATION (SLOPE OF COMPLIANCE REGION)...uuvveeueveeesseeessseesuseessseaassessssesessnseessssesnsnenens 4-68

FIGURE 66.- STATISTICAL ANALYSIS FOR TWO REGIONS OF THE SUBSTRATE. ON A) A HISTOGRAM SHOW THE ADHESION FORCE BI-MODAL
DISTRIBUTION OF THE FORCE ALONG THE SAMPLE ON THE SILANIZED AREA AND THE NON-TREATED AREA. B) SHOWS THE ADHESION FORCE
VARIATION ALONG THE Y-AXIS OF THE MEASURED FORCE PLOT. THE NUMBER OF POINTS LABEL INCREASE IN VERTICAL DOWNWARD DIRECTION....4-70

FIGURE 67.- ELASTIC MODULUS MAP FROM SELECTIVE IRRADIATION ON PDMS SUBSTRATE. IN ACCORDANCE TO GUPTA ET AL. A) THE RIGHT AREA IS
A SOFTER REGION WITH A 1.6 MPA ELASTIC MODULUS AND ON THE LEFT SIDE A HARDER MATERIAL WITH AROUND 16 MPA ELASTIC
MODULUS. B) SHOWS A PROFILE CALCULATION ALONG THE RED LINE, SHOWING THE IRRRADIATED REGION AS A HIGHER YOUNG MODULUS
ZONE, PLUS THE TRANSITIONAL REGION WHERE THE SURFACE CHANGE GRADUALLY ITS ELASTICITY AND THE SOFT NON-IRRADIATED AREA. ON C)

IT CAN BE SEEN THE AVERAGE PLOT OF THE ELASTIC MODULUS VALUES ALONG THE TWO OUTER BORDERS OF THE IMAGE AS THEY ARE THE MOST
REPRESENTATIVE FOR THEIR OWN AREAS OF MATERIAL PROPERTIES. ¢ uvvtteeesuurrresssurreessssiuseesesssseeeessssssseesesssssesssnssssessssssseesssssnsseeenns 4-72

FIGURE 68.- SCHEMATIC REPRESENTATION OF THE PDMS SURFACE AFTER IRRADIATION. IT DEPICTS THE PRESENCE OF DIFFERENT ZONES, FROM
CRYSTALLINE (SILICA-LIKE LAYER) TO AMORPHOUS (BULK POLYMER). THE CHAIN SCISSION ZONE IS ULTIMATELY RESPONSIBLE FOR THE
HYDROPHOBICITY RECOVERY OF THE MATERIAL WITH TIME...

FIGURE 69.- CONTACT ANGLE ON PDMS COATED GLASS SLIDE IRRADIADET WITH UV-LIGHT SHOWING THE HYDROPHOBICITY RECOVERY OVER TIME
AFTER IRRADIATION. IN THE FIRST TWO HOURS THE MIGRATION OF LOW MOLECULAR FRAGMENTS IS MORE PRONOUNCED AND THE INCREASE
FLATS OVER TIME. INSET: LINEAR BEHAVIOR FROM RECOVERY IN THE FIRST TWO HOURS. AFTER THAT, THE RECOVERY WAS SLOWED DOWN

SIGNIFICANTLY. IN THE INSET, THE X-AXIS HAS BEEN STRETCHED . THE Y-AXIS IS THE SAME FOR BOTH GRAPHS. ..eevuvverurreerereensseesniresnneesnneenns 4-74
FIGURE 70.- X-RAY PHOTOELECTRON SPECTRA OF SUBSTRATES ITC-FUNCTIONALIZED PDMS (A,B,C), AND NON-TREATED PDMS (b, E, F)
RESPECTIVELY. FOR ALL GRAPHS, THE VERTICAL AXIS IS EXPRESSED IN ARBITRARY UNITS ON NORMALIZED INTENSITY c.ceeruvreeireenireeeseeenneeseneas 4-77

FIGURE 71.- SCHEME OF POLYDIMETHYLSILOXANE (PDMS) SUBSTRATE TREATED AND SILANIZED WITH ISOTHIOCYANATE GROUPS, WITH SUBSEQUENT
FLUORESCEINAMINE COUPLING. ...
FIGURE 72.- FLUORESCENCE IMAGE OF AMINOFLUORESCEIN COUPLED TO A PDMS SUBSTRATE SELECIVELY IRRADIATED THROUGH A TEM GRID AS A
MASK. THE GRID WAS REMOVED BEFORE ADDITION OF THE DYE BY COMPLETELY DIPPIMG THE SUBSTRATE INTO THE FLUROPHORE SOLUTION A)
60X MAGNIFICATION, B) 40X MAGNIFICATION AND C) 10X MAGNIFICATION. D) FLUORESCENCE INTENSITY PROFILE ALONG THE LINES. IT CAN
BE NOTED THAT ALTHOUGH THE BRIGHTNESS OF THE IMAGES ARE DIFFERENT BETWEEN EACH OTHER, THE CONTRAST BETWEEN THE
FUNCTIONALIZED AND THE NON-FUNCTIONALIZED REMAINS SIMILAR. . vvtteeeuuurtressrnrreessesureeeessssneeeesssssneeessssssnesesssmsseesssssseeessamsssesenns 4-79
FIGURE 73.- FLUORESCENCE IMAGE OF PDMS IRRADIATED THROUGH A GRID AND AFTER THE ADDITION OF A SMALL DROP (<1luL) OF
AMINOFLUORESCEIN TO THE CENTER OF THE PATTERNED AREA. THE BORDERS OF THE DROP CAN BE SEEN. THE DROP FOLLOWED A SQUARE
SHAPE AS THE DROP FOLLOWED THE GRID PATTERN. A) TOP REGION OF THE DROP, B) UPPER-RIGHT REGION AND C) CENTER REGION OF THE
TREATED AREA. ..ttteiuuutteessauteeessantsseeeanssssteesaausssseeesesssseseeaasssaeesssssteeessassaeeeanasbsseeseessastaeeesessbaseeeaasnsaeeeeaannaeesssssbaeeenseannnneessnns 4-80

VIII




Novel Chemical Approach for the Site Selective Generation of Complex Self-Assembled Virus Derivatives

FIGURE 74.- AFM IMAGES (A,B) AND FLUORESCENCE IMAGE (C) OF STRUCTURED AND PARTLY IRRADIATED PDMS SUBSTRATE.  A) SHOWS A
TOPOGRAPHIC IMAGE OF THE TWO REGIONS (INDISTINGUISHABLE BY HEIGHT), B) A PHASE CONTRAST IMAGE IS SHOWN, ON WHICH THE RIGHT
SIDE IS A IRRADIATED AND SILANIZED REGION AND THE LEFT SIDE IS THE NON-TREATED AREA. C) FLUORESCENCE IMAGE AFTER COUPLING OF
AMINOFLUORESCEIN ON THE SILANIZED ISOTHIOCYANATE SIDE. THE PRE-STRUCTURED SUBSTRATE WAS CASTED FROM A DVD WHICH POSSESS

TYPICALLY A WAVY PATTERN WITH 500 NM PITCH AND 100 NM DEPTH IN THE TRENCHES. ..veeeeeesurreeeesurreeessisrreessnsneeesssssnsseesssssenesssnne 4-81
FIGURE 75.- SCHEME OF SITE-SELECTIVE BOTTOM-UP SELF-ASSEMBLY PROCESS OF TMV-LIKE PARTICLES ON AN OXIDIC FUNCTIONALIZED SURFACE.
THE 5’ END OF THE VIRAL RNA CAN BE FUNCTIONALIZED WITH ADDITIONAL CHEMICLA FUNCTIONS OR MOLECULES. «.vvveevveeeireeesereesneessneeans 4-82

FIGURE 76.- AFM TOPOGRAPHIC IMAGES SHOWING THE RESULTS OF EXPERIMENT WITH DIFFERENT SILANIZATION TIMES (30s, 120s, 15MIN)

COMBINED WITH DIFFERENT INDUCED CONDITIONS FOR THE FORMATION OF THE TMV-LIKE PARTICLES. FOR A BETTER UNDERSTANDING ALSO

REFER TO TABLE 16. THE SCANS ARE 3X3 uMZ. ............................................................................................................................ 4-86
FIGURE 77.- AFM TOPOGRAPHIC IMAGES OF AN ASSEMBLY-RNA TIME EXPERIMENT. THE TIME FOR HYBRIDIZATION AND BONDING OF THE RNA TO

THE DNA LINKER IS VARIED AND TESTED FOR A BOTTOM UP APPROACH AND FOR A SIMPLE TMV DEPOSITION. ALL THE IMAGES ARE 1x1 |.1M2. ...4-88
FIGURE 78.- AFM TOPOGRAPHIC IMAGES OF TMV-PARTICLES SELF ASSEMBLED WITH THEIR RESPECTIVELY HEIGHT PROFILES ALONG THE RED LINE ON

EACH PICTURE. A) TMV PRE-ASSEMBLED IN SOLUTION AND THEN DEPOSITED ON THE SURFACE AND B) BOTTOM-UP TMV PARTICLES SELF

ASSEMBLED DIRECTLY ON THE SURFACE . +1teeeuuttteesssureeessasssseeeassusssesssssssessesssnssssssessassssessssssssessssssssesssssssseeessssnssseesenssssseesssnssseessnnns 4-89
FIGURE 79.- SCHEME SHOWING THE TWO AREAS IN THE SAME SAMPLE: 1) AN AREA INSIDE THE DROP OF DNA, WHICH HAS THE COMPLETE

PREPARATION PROCEDURE AND 2) AN AREA WHICH WAS NOT WETTED BY THE DNA CONTAINING DROP, WHICH FOLLOWS EVERY STEP BUT THE

DNA ADDITION. ALL SAMPLES WERE WASHED THOROUGHLY AFTER THE RNA+CP ADDITION. ..ccetiiiiiieriiiiieeeiesiieeeeeiineteessieereeeeeenianeeeas 4-90
FIGURE 80.- AFM TOPOGRAPHIC IMAGES OF TMV-LIKE PARTICLES BOTTOM-UP ASSEMBLED USING AN ITC-SILANE. THE SILANIZATION TOOK PLACE

WITH SAME EXPERIMENTAL CONDITIONS VARYING ONLY THE SILANE MOLECULE: A) ITCPTES AND B) ITCPTMS. THE LATTER PREPARED

FRESH WHILE THE FIRST WAS BOUGHT AND KEPT IN USE FOR ONE YEAR (AGED AND OXIDIZED). veuvveuveerereveeuesseesseesseessesssessseenssesassseessennes 4-90
FIGURE 81.- AFM TOPOGRAPHIC IMAGE SHOWING A TMV-LIKE PARTICLES BOTTOM-UP ASSEMBLY ON AN ITCPTMS FUNCTIONALIZED WAFER AFTER
OPTIMIZATION. teettuttteeeeunrtteeenuuneeeessstteessauetteeseeesaunaaeessassaeeesaasssseesaassbeeeeeaasseeeesa s asssbeseansteeessaas b e eeessntbbeeseassbeeesenbsnnnnessannnnne 4-91

FIGURE 82.- SELF-ASSEMBLY OF TMV-LIKE NANOROD STRUCTURES ON ITC-TERMINATED SILICON SUBSTRATES. REPRESENTATIVE AFM TOPOGRAPHY

OF A SUBSTRATE (A) COATED WITH SELF-ASSEMBLED TMV-LIKE PARTICLE AFTER ALL PREPARATION STEPS, AND (B) STATISTICAL ANALYSIS OF

THE PARTICLE LENGTH BASED ON (A). tuvteeitereeiteeeitueeeseeiseeeseeesssessssseessesesseesessssassessssesesssesssesssssessssssesssssesssessssesssssesssssssnssseans 4-92
FIGURE 83.- CONTROL EXPERIMENTS FOR BOTTOM UP ASSEMBLY OF TMV-LIKE PARTICLES ON A ITC FUNCTIONALIZED SILICA WAFER. A) AFM

TOPOGRAPHIC IMAGE SHOWING RESULT FROM CONTROL EXPERIMENT OUTSIDE THE DROP, B) AFM TOPOGRAPHIC IMAGE SHOWING THE

RESULT OF PREASSEMBLED VIRUS SPOTTED ON THE FUNCTIONALIZED SILICA WAFER BUT WASHED AWAY THOROUGHLY, C) TRANSMISSION

ELECTRON MICROSCOPE IMAGE OF SELF-ASSEMBLED VIRUS IN SOLUTION THE SCALE BAR IS 500 NM D) AFM IMAGE SHOWING THE CONTROL

EXPERIMENT INSIDE THE DROP WITHOUT RNA AND CP. ALL THE AFM IMAGES ARE 5x5 uMz ................................................................ 4-93
FIGURE 84.- AFM TOPOGRAPHIC IMAGES OF DPN FUNCTIONALIZED SUBSTRATE SHOWING A HIGH SPECIFIC SELECTIVITY FOR VIRUS PARTICLES. ON

THE UPPER ROW, SCAN AREAS OF 30x30 MICRONS (A,B,C) AND ON THE LOWER ROW SCAN AREAS OF 5X5 MICRONS (D,E,F). ITCPTMS

DOTS WERE DEPOSITED (A,D) ON GLASS COVERSLIP, THEN A DNA-LINKER DROP COVERING THE WHOLE ARRAY AT THE SAME TIME WAS PLACED

ON TOP (B,E) AND A FINAL STEP OF RNA COUPLING AND CP ADDITION (C,F) IN ORDER TO OBTAIN THE VIRUS-LIKE PARTICLES AS SHOWN. .......... 4-95
FIGURE 85.- AFM IMAGES SHOWING A TOPOGRAPHIC EXAMINATION ON TWO DIFFERENT SUBSTRATES TREATED WITH THE SAME ITCPTMS USING

DPN. A) COMPLETE PROCESS DONE AS EXPLAINED ABOVE (SILANIZATION-DNA LIGAND ATTACHAMENT- RNA HIBRIDIZATION- CP ADDITION -

BU ASSEMBLY). B) SUBSTRATE WITH PREASSEMBLED VIRUS DEPOSITED ON THE SURFACE AND THEN WASHED OUT THE SAME WAY THE FINAL

WASHING STEP FOR THE SELF ASSEMBLED VIRUS IS PERFORMED.. .
FIGURE 86.- BOTTOM UP ASSEMBLY OF TMV-LIKE PARTICLES ON A ITC FUNCTIONALIZED DIP PEN NANOLITHOGRAPHY ESTRUCTURED SILICA WAFER.

A) 3X3 UM SCAN AREA, B) STATISTICAL ANALYSIS ON PICTURE....cuvveeeureeerreensreeeseeesseesseesssssensssesessseessseessssessssssssssssssssssssssenssessssseens 4-96
FIGURE 87.-SCHEME OF POLYDIMETHYLSILOXANE (PDMS) SUBSTRATE TREATED AND SILANIZED WITH ISOTHIOCYANATE GROUPS, WITH SUBSEQUENT
TIMIV ASSEMBLY ..ttteuuttttesseuiiteeesenttteeeesaststeeesantreeteeeeusaseeeeaasstaeesssbaeeessasba e e e anasbba e eeea s esbaeeeeeasbae e eeaaaasbeeeeasbeeeessabbbeeesannsnbeeessans 4-97

FIGURE 88.- AFM IMAGES SHOWING THE RESULTS FROM BOTTOM UP ASSEMBLY OF TMV-LIKE PARTICLES ON A SITE SELECTIVE ITC FUNCTIONALIZED
PDMS SUBSTRATE. A) 90X90 uM SCAN AREA WITH THE IRRADIATED AND PROTECTED AREAS, B) 60X60 uM SCAN AREA WITH THE
IRRADIATED AREA AND THE RIM AROUND DUE TO THE POSITIONING OF THE GRID C) ZOOM IN ON THE IRRADIATED AREA SHOWING TMV-LIKE
PARTICLES D) ZOOM SCAN ON THE NON-IRRADIATED PARTS OF THE POLYMER WHERE NO PARTICLE CAN BE FOUND AND E) A 250%250 NM
ZOOM SHOWING TMV-PARTICLES GROWN ON THE TREATED REGIONS AS ELONGATED RODS. ....eeeuuuuuurnnrnnreeeeeeteeaeeaessessssnsaaansesssssssnnnnnns 4-98

FIGURE 89.- DESCRIPTIVE STATISTICAL ANALYSIS OF TMV-LIKE PARTICLE LENGHTS GROWN ON PDMS SELECTIVELY IRRADIATED SUBSTRATES. A)
HISTOGRAM SHOWING THE AMOUNT OF PARTICLES FOUND CORRESPONDING TO THEIR LENGTHS TAKEN FROM TWO DIFFERENT TREATED
REGIONS. B) DISTRIBUTION OF THE PARTICLE LENGTH BY PERCENTAGE. 1.vveeuversresseesseessesssesssesssessessssensesssseessesssessessessssensessssensesssenssennes 4-99

FIGURE 90.- FLUORESCENT REACTIVITY EVALUATION ON GLASS SLIDES SILANIZED WITH: 1) AMINOPROPYLTRIMETHOXYSILANE, II)
AMINOPROPYLTRIMETHOXYSILANE + ALDEHYDE COUPLING AND IlI) ISOTHIOCYANATEPROPYLTRIMETHOXYSILANE. AN ADDITIONAL CONTROL
WAS DONE WITH A NON-FUNCTIONALIZED SILANE FOR BACKGROUND ASSESIMENT. «..vvvteeesuurrreesssrrreesssurrreessssnneesssssonsseeessnmsnessessnseeeesssnns 5-2

FIGURE 91.- AFM TOPOGRAPHIC IMAGES, SHOWN AS A SUMMARY OF THE SILANIZED SUBSTRATES SUBMITTED TO THE TMV-LIKE PARTICLES BOTTOM
UP ASSEMBLY . A-B) ALDEHYDE FUNCTIONAL SUBSTRATE ON SILICA WAFER WITH A PMMA MASKING FOR SELECTIVE ATTACHMENT. C-D)
ISOTHIOCYANATE FUNCTIONALIZED SILICA WAFER WITH NO STRUCTURING. E-F) ISOTHIOCYANATE SILANIZED PDMS SUBSTRATE USING A
CHEMICAL SELECTIVE STRUCTURING IRRADIATION TECHNIQUE. G-H) ISOTHIOCYANATE SILANIZED GLASS SLIDE USING A CHEMICAL STRUCTURING
VIA DIP PEN NANOLITHOGRAPY FOR SELECTIVE DEPOSITION OF THE SILANE. THE SCALES IN THE A,C,E,G IMAGES IS 50 NM WHILE IN THE

B,D,F,H IMAGES IS 500 NIM...cttiiiitiieieiee ittt ettt eeeeeeeaesaaeaaeeeeessaaaaaaaaaatsbeaeeeeaeeaaaaaasessesanansssenssssssssssssssaenesaeeaaaaaeneeseeennnnnnnses 5-4
FIGURE 92.- AFM TOPOGRAPHY IMAGES OF MICROCONTACT PRINTED ISOTHIOCYANATE SILANE ON SILICA WAFER. A) SURFACE PATTERN PRPARED
WITH A LINE GRADIENT STAMP SHOWN IN FIGURE 6 , B) A ZOOM INTO THE LEFT LINE IN A). 1eveerurerreereeereessesseessessueeseessnsssesessesssesssessseenses A-5

IX



Carlos Azucena

INDEX OF TABLES

TABLE 1.- CHEMICAL COMPONENTS AND AMOUNTS FOR ISOTHIOCYANATE PROPYLTRIMETHOXY SILANE SYNTHESIS ..ccvvvveeeeeereeeenns 3-4
TABLE 2.- SURFACE SCIENCE TECHNIQUES FOR CHARACTERIZATION OF SELF-ASSEMBLED MONOLAYERS USED IN THIS
DISSERTATION. 11ittteetiiiiuuuurrtreeeeeeessssaaaasuuseeseeesesaaeesasssssssassssssssssseeseesssssssesssssssssessssssseessssssnsssssssssessseeaaeesennnnes 3-15
TABLE 3.- CANTILEVERS FREQUENCIES AND SPRING CONTANTS USED FOR THE CHARACTERIZATION OF SURFACES AND PARTICLES. ...3-19
TABLE 4.- FTIR INSTRUMENTAL PARAMETERS USED IN MEASUREMENTS. ..cuvveeeeeerreeeeeereeeeeesreeeeeisseesensessseessssseessessseeeans 3-25
TABLE 5.- FT-RAMAN SPECTROMETER INSTRUMENTAL PARAMETERS USED IN MEASUREMENTS ....vvvveieiureeeeeiinreeeeeesnneeeesinreneeens 3-28
TABLE 6.- ROUGHNESS DATA FOR THE CLEAN AND AFTER ALDEHYDE SILANIZATION SUBSTRATES. ..uvvveeeeerreeeeessnreeessnsseeeenssneeenns 4-5

TABLE 7.- XPS RESULTS ON A AMINOFUNCTIONALIZED SILICA WAFER AND ON A PARALLEL SAMPLE WHICH UNDERWENT ON THE
GLUTARALDEHYDE COUPLING (-CHO). THE PEAK EVALUATION HAS BEEN PERFORMED REFERED TO THE CARBON 1S AT

285.0 EV. coiiiteeie ettt et e ettt e e ee e et e e aa——t et aaa———te e e ———eeeataeeeaaa—teteeeaa—arteeaataaaeeaatabeeeeatbeeeeanrtaeeeans 4-8
TABLE 8.- FTIR ASSIGNMENTS FOR THE FUNDAMENTAL MODES OF 3-AMINOPROPYLTRIMETHOXYSILANE ~AND

3-ISOTHIOCYANATEPROPYLTRIMETHOXYSILANE. .. uuvvuuttttrreressaeesassssnnsssseeseeesesssasesssssssssssssssssssssssssessssssssssssseseeesaens 4-28
TABLE 9.- ROUGHNESS EVALUATION DATA FOR THE CLEAN SUBSTRATES AND SUBSTRATES AFTER ITC SILANIZATION. ......cceeeunneennn. 4-34
TABLE 10.- S 2P BINDING ENERGIES REPORTED FOR SULFUR SPECIES ON OXIDE SURFACES AND THEIR ASSIGNMENTS ACCORDING

TO LITERATURE [395, 396, .eeiiitteeeieiirieeeeiitieeesiteeeeeseseeaeessentteeesaaasaaeesasassessssssesesnsssassesansnsssesasanssesesannseseenanes 4-41
TABLE 11.- GRADIENT STAMP DIMENSIONS FOR MICROCONTACT PRINTING ASSESSMENT OF CHEMICAL REACTIVITY ON

ISOTHIOCYANATE SILANIZED GLASS SLIDES. «vvvveeeeuvreeeesaurreeessanseseessssseeessssssssseesssssssessassssssssassessssasssssssssssssesssnssnsesens 4-46
TABLE 12.- OLIGONUCLEOTIDE CONCENTRATION AND RANDOM ARRANGEMENT FOR MICROSPOTTING COMPARISON BETWEEN

COMMERCIALLY AVAILABLE EPOXY SLIDES AND ISOTHIOCYANATE SILANIZED SLIDES. .uuvvveeeeerrreeeeeinrreeeessreeeeeeseeeesensnnnes 4-48
TABLE 13.- ROUGHNESS DATA FOR THE PDMS BEFORE AND AFTER UV/O; TREATMENT WITH FURTHER ISOTHIOCYANATE

SILANIZATION SUBSTRATES. ..vvveeeeeiurreeeeeitreeeesassseeeesasssseeesesssssessssssseesessssessessssesssssssssssssssssessesssssssessssssseesenssens 4-64
TABLE 14.- AFM PARAMETERS USED FOR CALIBRATION OF THE SYSTEM IN ORDER TO PERFORM FORCE-DISTANCE

IMEASUREMENTS 1ttt ieitttitttteeeeeeessssaaaauuuneeteseaeeaeaasesssaassasnnssssssseessessessssesasssssessessssseseessesssssssssssssssssseeaasesennnnns 4-67
TABLE 15.- PDMS COMPOSITION BY ATOMIC PERCENTAGE BEFORE IRRADIATION, AFTER IRRADIATION AND AFTER SILANIZATION.

THE REPRESENTATIVE SAMPLES ARE MARKED IN DIFFERENT COLORS. 1vvveeeeuvrreeeesrureeesssreeesssnnsesessnsssseesessssssseesssssssesans 4-76

TABLE 16.- EXPERIMENTAL LAYOUT TO ASSESS THE PROPER SILANIZATION TIME FOR TMV VIRUS ASSEMBLY AND FURTHER
CONTROLS. A,B,D,E ARE NEGATIVE CONTROLS AS NEITHER RNA NOR CP IS PRESENT IN THE EXPERIMENT. SAMPLES C
AND F HAVE THE MINIMUM REQUIRED CONDITIONS FOR A COMPLETE ASSEMBLY ON THE SUBSTRATE. ...vcvveveveereeeeesveneans 4-84

List of Abbreviations

AFM ATOMIC FORCE MICROSCOPE/MICROSCOPY
APTES 3-AMINOPROPYLTRIETHOXYSILANE (NH,CH, CH, CH,SI(OC,Hs);
APTMS 3-AMINOPROPYLTRIMETHOXYSILANE (NH,CH, CH, CH,SI(OCHj5);
cpP COAT PROTEIN
DNA DEOXYRIBONUCLEIC ACID
DPN DiP PEN NANOLITHOGRAPHY
DIPEA N,N-DIISOPROPYLETHYLAMINE
ETO ETHOXY
FITC FLUORESCEIN ISOTHIOCYANATE
FTIR FOURIER TRANSFORMED INFRARED SPECTROSCOPY
ITC ISOTHIOCYANATE
ITCPTMS 3-ISOTHIOCYANATEPROPYLTRIMETHOXYSILANE (SCNCH, CH, CH,SI(OCH3);
MEeO METHOXY
uCpP MICRO CONTACT PRINTING
PDMS POLYDIMETHYLSILOXANE
PMMA POLYMETHYLMETHACRYLATE
PS POLYSTYRENE
RNA RIBONUCLEIC ACID
SAM SELF-ASSEMBLED MONOLAYER
™V TOBACCO MOSAIC VIRUS
THF TETRAHYDROFURANE
VLP VIRUS LIKE PARTICLE
XPS X-RAY PHOTOELECTRON SPECTROSCOPY

X



Novel Chemical Approach for the Site Selective Generation of Complex Self-Assembled Virus Derivatives

1 .- Introduction and Objectives

1.1 Background of the Project

Current trends in life sciences merge successfully the structuring of materials with the
special properties of biofunctional molecules [1]. On recent years, one approach to take
advantage of biological self-assembly in order to build synthetic materials is to employ
virus capsids — the protein shells that encapsulate the genetic material of viruses — or even
completely assembled viruses [2]. The ability of self-assembly of biopolymers into
functional virions — mature viral particles — combined with the modular quality of viral
genomes, provides vast potential for molecular-biological based engineering [3]. In
material science, viruses are currently predominantly used as scaffolds for chemical
synthesis, where molecules of interest are attached to the virions surface by
bioconjugation chemistry. In this way, the viruses can be further used as frameworks for
mineralization or metallization too [2].

Self-assembly is an effective method of nature to create nanostructured biological devices
with high precision. The combination of the genetic modification of the repeatable coat of
the protein virus [4, 5] - holding different organic groups [6, 7] - with a site-selective
allocation of its scaffold RNA on a surface yields an ever increasing number of
applications or close-to-application materials and devices.

The use of viral nanoparticles as carrier systems for metallic nanoparticles [8], the
manufacturing of nanowires inside of the tubular arrangement of the coat protein of the
virions [9], the production of virus-based nanoelectrodes [10, 11], novel designs of
ferrofluids [12] or even the development of memory devices [13] are just some examples
for the interaction between biology and material sciences. Viral particles consist of a
well-defined number of coat protein (CPs) units arranged around the viral RNA in an
exactly predetermined geometry. This approach of nature to form identical particles just
by the combination of the required building blocks can be used to create well defined bio
templates for further application. [14-16]. The formation of nanoscale particles from plant
viral coat proteins prompted by the interaction with genomic nucleic acids [17, 18] is an
example of a biologically directed self-assembly process.

In order to achieve control over the viral system, a site-selective highly specific

interaction is desired. Site selective immobilization of the virions can be done e.g. by
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using patterned self-assembled monolayers (SAMs). The concept of using SAMs in order
to achieve an arrangement of functional molecules into higher ordered structures is not
new [19]. SAMs are found in applications such as molecular and biomolecular
recognition [20-22], lithography resists [23-25], sensing and electrode modification [26-
28], corrosion prevention [29-31], and other fields where the tailoring of the physical
and/or chemical properties of an interface is required. Amphiphilic molecules — which
possess hydrophilic and hydrophobic properties at the same time — are able to organize
themselves spontaneously into assemblies on metal or oxidic surfaces and they belong to
a subset of self-assembled films that have been reported and characterized. Silanes and
sulfur containing molecules (thiols, sulfides, disulfides etc.) in particular, being able to
spontaneously organize to closely packed molecular arrays, have been preferentially used
to tailor different kinds of surfaces for specific applications with different organic head
groups [32]. Silanes, having hydrolysable groups on the anchors, have a strong affinity
for oxides surfaces (glass [33-36], silica [37-42], quartz [43], aluminum oxide [44-46],
amorphous iron [47]) and the thiols ( the mostly studied and probably best understood
SAM type formed by organosulfur compounds), possess a strong affinity for coin metals

(silver [48-50], gold [48, 51-56], copper [49, 50, 57]).

The present work is a result from a close collaboration project financed by the Baden-
Wiirttemberg-Stiftung GmbH (Baden-Wiirttemberg State Foundation). The project is
divided in three main areas of interest: Biology (C. Wege and H. Jeske, Stuttgart
University), Chemistry (H. Gliemann, M. Franzreb, Karlsruhe Institute of Technology)
and Physics (S. Walheim and Th. Schimmel, Karlsruhe Institute of Technology). The idea
behind the research project is to produce a robust bioactive self-assembled nano system
with potential for biosensoring [26, 27, 58, 59] and diagnostic applications [60-62], which
is based on substrate supported active molecules as e.g. enzymes. Important requirements
for an optimized activity of the enzymes are: (1) a minimized cross sensitivity of the
active molecules [63] (2) a high but controllable surface density on the supporting
substrate, (3) good sterical access to the functionalities, and (4) low interactions between
analytes/reactants and the technical environment. One possibility to address these
requirements is the arrangement of the active molecules on a carrier system, whereby the
density of the active molecules can be controlled. For this, we follow the approach of a
site-selective, biologically driven self-assembly bottom-up process of viral-like nanorods

on substrates. This system offers the opportunity to arrange the active molecules on well-
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defined positions along the longitudinal axis of the viral particle by controlling the
sequence of coat protein aggregates which are able to bind the active moieties.
(“functionality on a stick”). Figure 1 shows a scheme of the approach: first a self-
assembly monolayer holding a highly specific chemical group towards a DNA-amino
terminated linker is coupled on an oxidic surface (glass, silica) via silane chemistry. This
linker has a predetermined sequence of base pairs, which attach specifically to a
complementary genetically engineered RNA from a Tobacco Mosaic Virus (TMV)
mutant. Afterwards, the coat protein (CP) originally extracted from TMV-virions is added
to the substrate. The coat protein self-assembles using the RNA as scaffold, producing a
final virus-like particle with one end specifically and covalently attached to the substrate.

Framed in the box, is the part of the project investigated within this dissertation. The
RNA and the coat protein (produced by the group in Stuttgart) are attached onto the
substrates prepared at KIT. Afterwards the substrates are sent back to Karlsruhe for their
characterization.

This novel approach may promote technically applicable production routes toward a

controlled integration of multivalent biotemplates into miniaturized devices.

4) (5) Addition of Coat Protein
Hybridization / (w/wo functional groups)
(3) attachment of and final assembly of
) complementary TMV-like particle
Coupling of TMV RN
(2) NH,- ﬁ‘
Functional T T T
Surface with DNA-Ligand
ITC-Silane

(1)

Oxidic & £
Surface \

AL 0 R

-(“"mm

Figure 1.- Project scheme overview: on an oxidic surface (glass, silica) (1) via silane chemistry (2) - a
self-assembled monolayer terminated by a highly specific reactive chemical group towards an amino-terminated
DNA-linker is coupled (3). The DNA-ligand is then selectively coupled to a viral RNA by hybridization from
tobacco mosaic virus (4). Afterwards, coat protein, which can be previously modified is added sequentially to the
surface and an entropy-driven self assembly process e takes place during this , the virus-like, rod-shaped
nanoparticle assembles using the RNA as a scaffold (5). The box represents those preparation steps which were
in the focus of the work summarized in this thesis.
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1

.2 Challenges and Objectives

The main goal of the whole cooperative project is to produce site-selectively bottom-up

self-assembled TMV-like particles with well-defined sequential order of differently

chemically modified coat proteins along the longitudinal axis. To achieve this goal the

following challenges had to be faced within the scope of this dissertation:

Immobilization of viral-RNA on the surface via one-end terminus.

The interaction between the viral-RNA and the surface - which might sterically hinder
the subsequent bottom-up self-assembly of the nanorods - must be avoided.

The chemical compatibility of the complete process with the experimental conditions
e.g. pH, temperature, etc. for the self-assembly process of the viral particles must be
achieved.

A high density of the final produced TMV-viral particles must be realized while
avoiding non-specific interactions of the bio-functional particles with the substrate or
with each other.

The assembly methodology should be able to be transferred onto a polymeric
chemically stable and inert material.

The compatible combination of bottom-up and top-down structuring techniques -either
chemically or morphologically - in order to achieve site selective growth of the TMV-

particles.

The following objectives give an outline of the approaches followed to address the

previously stated challenges:

A new method of the site selective bottom-up assembly of tobacco mosaic virus-like
particles (VLPs) is introduced, whereby the VLPs are not preassembled before
immobilizing but are prepared by the self-assembly of the coat proteins along the
immobilized viral RNA.

Within this framework one of the specific tasks of this thesis was the development of a
suitable functional molecule with high specificity towards amino-terminated molecules
with special emphasis on amino-modified DNA oligonucleotides. There are two
common biofunctional silanes used commercially to immobilize single stranded
oligonucleotides [64-66]: amino functional alkoxysilanes [67, 68] and the epoxy
terminated silanes [69, 70]. The use of these silanes to anchor DNA oligomers non-
covalently to a surface [70] has two advantages: the DNA-ligand retains its ability to

hybridize to a complementary strand (which is required for the proper attachment of the
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RNA belonging to the TMVs) and second they can be photolithographically patterned
to fabricate high resolution patterned DNA surfaces using various approaches [64, 70,
71]. However, DNA films which were formed using this non-covalent attachment
methods were susceptible to detachment from the surface under high salts concentration
conditions and shear flows [66]. For applications where high ionic strength conditions
are desirable, such as under physiological conditions, it is generally believed that a
covalent attachment strategy will prove superior to one in which the nucleic acid is just
adsorbed to the surface. This is accomplished by use of an aldehyde and an
isothiocyanate-based (ITC), chemistry using self-assembled monolayers (SAMs). While
the aldehyde modified silane is an already established approach [72] the isothiocyanate
silane required a novel synthesis [73] which is why it is investigated in a higher extend.
The isothiocyanate group possess a high reactivity toward amines and their derivatives
(forming a strong and stable thiourea bond [74]).

- The ability to tailor both head and tail groups of the constituent molecules makes the
SAMs excellent systems to study and wunderstand phenomena affected by
intermolecular, molecular-substrate or molecular-solvent interactions like ordering,
growth, wetting and adhesion [75]. Additionally, our immobilization strategy is based
on the use of oxidic surfaces as substrates. For this purpose the silanes offers a higher
specificity towards the hydroxyl-rich surfaces, maintaining the self-organization
properties while been able to be tailored with the organic specific group of our choice
(isothiocyanate or aldehyde). Silanes are currently used with a very wide range of
applications, from crosslinking of plastics [76], solar cells [77], adhesives [35, 78], and
in our interest as biofunctionality promoters [79-81]. However, there are very few
studies involving the application and eventual synthesis of isothiocyanate functional
silanes [82-84]. Most of the applications come when the amino-terminated silane is
converted into an isothiocyanate-terminated silane by treating it with a di-
isothiocyanate derivative [85-88]. For that the surface must be functionalized previously
with the amino silane. Important to mention is, that in this work, unlike the after-
coupling reactions on the substrate (aldehyde conversion of amino-terminated silane),
the ITC-terminated silane is synthesized stepwise in a single pot reaction. With this
method stable isothiocyanate-terminated silanes can be produced and then used for
other biological applications.

- Another objective of the thesis was to pattern the surface in order to immobilize the

DNA-linker and subsequently artificial viral RNA immobilization, only at specific
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locations: (1) on oxidic surfaces by using Dip Pen Nanolithography (DPN) [89] and
microspotting, (2) on oxidic surfaces using a two-step polymer-blend masking
technique [90], and (3) on polymers such as polydimethylsiloxane (PDMS) by UV-
irradiation. The transfer of the immobilization protocol developed procedures from the
oxidic surfaces onto an elastomer with the same capabilities as the homogeneous
non-structured silanized substrates is executed when PDMS is oxidized by UV-light
irradiation in air in order to promote the formation of a brittle silica-like layer suitable
for functionalization.

- Finally the use of these techniques altogether should be able to provide an adequate
surface for the bottom-up self-assembly of TMV-like particles using the RNA as a
scaffold for the assembly. It should be shown that the chemistries and patterning
techniques are able to fulfill for the first time, a site-selective bottom-up assembly of
viral particles with stability sufficient for the systems to be employed in technical
applications.

- In order to evaluate the success of each preparation step starting from the synthesis of
the isothiocyanate up to the evaluation of the final self-assembled TMV particles,
different characterization techniques should be employed. The synthesized molecules
had to be investigated by vibrational spectroscopy (infrared and Raman spectroscopy).
Chemical composition and coupling reactions on surfaces should be evaluated using X-
ray photon spectroscopy (XPS) and fluorescence light microscopy. Finally the
morphology and physical properties of the substrates should be evaluated using atomic

force microscopy (AFM) and contact angle (CA) measurements.
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2 Methods and Techniques for Chemical
Functionalization and Structuring of
Surfaces

2.1 Chemical Modification of Surfaces by Self Assembled
Monolayers (SAMs)

2.1.1 Introduction

Self-assembled monolayers (SAMs) of organic molecules are highly ordered two-
dimensional structures on a surface, with the particular property that they arrange
spontaneously. There are different SAM systems which have been investigated. The first
SAM was accredited and studied in 1946 by Zisman and Bigelow [91], adsorbing a
surfactant onto a clean metal surface. This study went unnoticed until Nuzzo and Alara
[92] showed that SAMs of alkanethiols on gold can be prepared by adsorption of di-n-
alkyl sulphides from dilute solutions. In 1984 Maoz and Sagiv [93] introduced silanes as
a second most popular SAM system, bringing interest to the scientific community. From
there on, a distinction was made between molecules which are physisorbed to the surface
and molecules which have an anchor group on one end (generally the hydrophilic one)
which covalently binds it to a substrate [94]. Due to the particular interaction between
molecule and substrate, the adsorption can often take place in a variety of solvents, polar
and non-polar, allowing greater flexibility in molecular design and, therefore, in the types
of surface properties that can be modified and controlled. The most common
adsorbate/substrate combinations are sulfur-containing molecules on gold (forming Au-S
bonds), organosilanes such as alkylchlorosilanes and alkylalkoxysilanes on oxide surfaces
(forming Si-O-Si), alkenes on hydrogen terminated silicon surface (forming Si-C bonds)
and alcohols on H-terminated silicon surface (forming Si-O-C bonds).

The main advantage of the monolayers is that - apart from the highly specific
adsorption on a determined substrate - they have the ability to be custom-designed with
the functional group of preference. Most common functional termini for the thiols or the
silanes are: Amino-, alkyl-, polyethyleneglycol, fluoride-, methacrylate-, epoxy-, vinyl-,

mercapto-, aldehyde-, keto-, and carboxy-groups [95-98].
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The process to attach a SAM onto a substrate varies depending on the application.
Commonly there are two ways to prepare them: a) in solution by immersion in a liquid,
and b) in the gas phase. The immersion approach requires that the substrate is dipped in
the solution containing the SAM molecule and incubating the sample until the monolayer
is completed. There are two distinct phases in the assembly of a monolayer, first an
disordered and non-oriented adsorption process takes place on the surface and second a
surface organization process where the alkyl chains get out of the disordered state and
into a parallel arrangement [75] (Figure 2 top). The kinetics of the first step is governed
by the tail group-substrate interaction and its reactivity takes generally longer times for
the silanes than for the thiols [56]. The SAMs are normally constituted by three key
elements: a) the organic functional terminus which is responsible for the new surface
properties and chemical reactivity, b) the spacer, which avoids the direct contact between
the functional terminus and the surface and which also acts as a physical barrier or as a
modifier of physical properties (e.g. conductivity or optical properties), c) the ligand or
tail group which is responsible for the covalent bonding or chemisorption of the molecule
to the surface and further stability of the surface atoms [48, 75, 99] (Figure 2, bottom).
The interest in these monolayer films has continuously increased in recent years, and the
development and application of surface-sensitive experimental techniques (e.g. scanning
probe microscopy, vibrational spectroscopy, and synchrotron X-ray sources) has resulted
in an improved understanding of the film structure and growth process. A more general
review of SAM structure (with some information about film growth) can be found in the
publications of Ullman [75].

Figure 2.- Scheme of Self-assembled

monolayers. The SAMs are comonly

Adsorption Organization prepared by dipping the substrates
. in the solution containing the SAM

molecule. The first step constitutes
generally an adsorption onto the
substrate followed by a
reorganization of the alkyl chains.
Generally the SAMs are created by
two distinct molecules: thiols and
silanes. The first uses a sulfur atom
to bind onto gold and silver
preferably. The second uses an
alkoxy group to bind on oxidic
surfaces such as silica or glass. They
are constituted by three components:
a) the organic functional group b)
the spacer formed by an alkyl chain
and c¢) ligand or tail group which

binds to the substrate depending on
the chemical group of the molecule.
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2.1.2 Silane-based Non-Patterned SAMs on Oxidic Substrates

The coating with silicon dioxide has been widely used in the microelectronics industry
for decades as a method to protect silicon surfaces, to control surface electronic and
chemical properties and to pattern surfaces of SiO, with self-assembled monolayers
(SAMs) [100].

The most common and effective route for deposition of SAMs on oxidic surfaces

(glass, silica wafers, alumina,, etc.) is the silanization through the formation of Si-O-Si
bonds between the silanol groups present on the oxidized silicon surface and the
organosilanes molecules [26, 75, 101]. Silanes are chemical substances which consist of
anchor groups used for the coupling to the substrate and a (heteroatomic) hydrocarbon
rest which is terminated with a functional head group. Silanes are very useful in organic
synthesis as crosslinkers, as coupling agents, and as support layers for introducing
biological applications [68, 102, 103]. Despite the well-known applications of
alkylsiloxane SAMs on SiO,, the actual mechanism of monolayer formation on SiO,
remains a subject of debate [101, 104-107] as various interfacial processes may be
possible (covalent binding to the surface, lateral polymerization of adsorbed silanes,
three-dimensional polymerization, etc.) depending on (i) the nature of the reactive
moieties bound to the Si atoms in the silane (typically chloride or an alkoxy group), (ii)
their number, and more generally (iii) the experimental parameters (Figure 3).
The question whether the formation process of SAMs is uniformly homogeneous or
similar to an island-type is still under debate. Overall results favor the last situation
depending significantly on the water content [39, 40]. This island growth however, is still
found in situations where no water is available in solution [32].

Silanes integrate the alkoxy groups on the tail section of the molecule (-O-R' where
R'= -CH;, -C,Hs, -C3Hy), so after they go under hydrolysis they create a silanol (-Si-
OH) active compound or in case of an halogen to create a silicon halide (highest
reactivity) [108]. Silanes are constituted basically of three parts: The non-hydrolysable
head group, utilized for attachment of additional moieties [109-111] which provides the
modified chemical character, the spacer and the anchor groups (hydrolysable), which are
responsible for the attachment to the hydroxyl-groups of the oxidic surface. However,
silanes are reactive not only towards the hydroxyl groups present on the surface but also
to those of the solvent or other (silane) molecules. Their reactivity depends on the anchor

groups, which first hydrolyze (Figure 3a) and then may condensate. Afterwards, the
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silanols form intermolecular hydrogen bonds between each other or directly to the oxide
surface [112-114] (Figure 3b). This adsorption mechanism has been studied before and
will not be covered extensively in this introduction [112-115]. Schematically, silane
grafting is expected to occur in two steps in the presence of water molecules [116]. First,
hydrolysis reactions will cleave off the alcoholate which is then reacting to the
corresponding alkohol (methoxy will yield methanol and ethoxy will produce ethanol
respectively). Second, condensation reactions take place in solution, whereby either a
coupling of the silanes to the surface, or a crosslinking with other molecules in solution
or those molecules already immobilized on the surface takes place, the least resulting in
the formation of a densely packed monolayer (Figure 3c). When excess humidity is
found, these condensation reactions are responsible for the polymer network formation

that takes place generally in the silanization process (Figure 3d).
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Figure 3.- Scheme of silanization process: a) the silane undergoes hydrolisis in presence of water releasing an
alcohol related to its tail group. It can also condensate still in solution forming bigger polymeric aggregates.
Once hydrolized the silanol groups attach to the surface (depending of the previous reaction, hydrolysis and/or
condensation) either in b) single molecules which rearrange further into monolayers via island formation (c) or
complete polymerized networks attached on the substrate by few hydroxyls (d). The later case can also
happen after the monolayer islands are formed but further condensation reactions takes place on the surface

itself.

/\ si” \ 'fs,/\ ’/sl
l

2-4



Novel Chemical Approach for the Site Selective Generation of Complex Self-Assembled Virus Derivatives

This competition between condensation and adsorption reactions is very sensitive to the
experimental conditions such as water content [117], temperature [118, 119] and
additional energetic processes (ultrasonic treatment), concentration [120], substrate’s
nature [121], solvent [122] and aging of the solution [40, 123]. It is also argued that cross-
linking and thin adsorbed water layers are required to form the silane based SAMs but
some studies also argue that the bond between the silanes and substrate is not necessary
[124, 125]. Infrared studies suggest that without water, an incomplete Silane SAM is
formed on the substrate [126].

The aminosilanization of hydroxyl-terminated surfaces finds numerous applications in the
field of biomolecule immobilization [127, 128]. The patterned amino-functionalized
SAMs have been used as templates for adsorption of a wide variety of molecules on Si,
Si0,, and glass surfaces [129, 130]. Distinct to the SAMs from alkanethiols, the reactive
head-groups in organosilanes introduce some potential lateral and disordered film growth
mechanisms at the interface. The factors contributing to the stability of silanols have been
reviewed by Arkles et al. [131]. Silanols are stabilized by: a) neutral conditions b) limited
condensation (high dilution) c) presence of hydroxylic species (alcohols are stabilizers) d)
silanes forming stable zwitterions. Amino silanes form such species and are among the
most stable water borne species. They readily dissolve in water on stirring and are most
stable at pH 10-11. This is the case for 3-aminopropyltrimethoxysilane (APTMS) in
which the interaction between the -NH, group and the surface hydroxyl groups or other
silanol groups makes it even more complex to form ordered layers. The amino group acts
like a catalyst for the hydrolysis reaction of alkoxy- [132, 133] and chloro-silanes [134,
135]. For the same reason, aminoalkoxysilanes are more reactive than alkylalkoxysilanes
toward water, which can cause uncontrolled polymerization/oligomerization of
aminosilanes in solution (Figure 3d). Additionally, amino groups can form hydrogen
bond with surface silanol groups, [116] thus covalently attached aminosilane layers
typically have low grafting densities due to the presence of vertically (Figure 4a) as well
as horizontally (Figure 4b) positioned silane molecules [136]. Hydrogen-bonding
interactions with surface silanols alone might result in weakly attached silane molecules

on silica surfaces (Figure 4c—e).
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Figure 4.- Different types of bonding/interaction between aminopropylethoxysilane molecules and silicon oxide
substrates. Adapted from Asenath, et al. 2008 [116]. a) vertically positioned silane bonded via silanol group on the
surface. b) horizontally positioned silane bounded via silanol interaction plus hydrogen bond between the amino
and the hydroxyl group on the surface. ¢) hydrogen bond between the non-hydrolized alkoxy group and the
hydroxyl group of the surface. d) weak hydrogen bond between silanol and hydroxyl groups on the surface and e)
head group interaction between amino group and the hydroxyl of the substrate.

These few disadvantages from this biocompatible silane are overcome when the amino

silane is either 1) transformed into an aldehyde terminated silane via a reaction with

glutaraldehyde [137] promoted on the silane which is already coupled on the surface or

2) transferred into an isothiocyanate (ITC) silane type via a one-pot synthesis, using a

reaction developed first by Kaluza [138] and later by Hodgkins [139-141]. As it is within

the focus of this dissertation, the application of surfaces functionalized with ITC-

terminated silanes to prepare biofunctional interfaces will be discussed in more detail in

the section 4.2. The terminal ITC group forms very stable thiourea bonds with NH,-

terminted molecules making it very useful for the preparation of biofunctional surfaces.

Important applications of ITC silanes include the promotion of adhesion and

immobilization of membranes [142] and biological molecules [143] either physically or

chemically. ITC terminated surfaces can also be used, as we do in this work, for directing

growth of nanoparticles and nanorods on the surface [7, 72], similar to aldehyde

terminated silanes, with the exception, that this time, the amino group belonging to any of

this moieties, which are adsorbed on the surface, can be attached to the ITC-silanized

surface with higher selectivity.

2.1.3 Silane-based Chemically Patterned SAMs on Oxidic Substrates

2.1.3.1 Microcontact Printing

Some lithography methods have been developed (e-beam photolithography [144],
electroforming [145], solid object printing [146], thermal printing [147]), mostly for
preparing micron- to nanometer-sized features in polymeric materials [148], in

applications such as medical devices (catheter tubes, drainage pipes) or industrial
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components (adhesives, insulations) [149, 150]. Among different lithographic methods to
produce patterned surfaces there is a family of techniques which are based on printing
methodologies instead of an engraving one [52, 151]. Microcontact printing (uCP) is one
representative of different soft lithography strategies which are commonly used for
patterning materials directly. It constitutes a versatile and fast approach for creating
laterally well-defined areas on large substrates up to square centimeters with micron to
sub-micron resolution. Numerous applications of self-assembled monolayers (SAMs) in
surface chemistry are based on patterning features with an elastomeric stamp, whereas
polydimethylsiloxane (PDMS) is one of those polymers mostly used for that kind of
application [151]. For the preparation of a structured stamp the monomer is casted on a
master and allowed to cross link into a polymer (Figure 5). Whitesides et al. [152]
developed the technique in 1993 and not even a year later it has already been used for
patterning substrates for protein and cell adhesion. They used it for the first time for
patterning of self-assembled monolayers (SAMs) of hexadecanethiols on gold surfaces
[152]. In the early stages of microcontact printing, Singhvi et al. [153] created patterns of
hexadecanethiol on gold surfaces followed by an incubation of a polyethylene glycol-
terminated thiol. This resulted in a pattern, consisting of proteophilic and proteophobic
areas, respectively. This patterning was used then to preferentially absorb cells on those
regions functionalized with hexadecanethiol. Patterning of the SAMs at this level is
probably still one of the best described printing techniques which is used extensively to
study cell-substrate interactions at the single cell level [153]. The functional groups are
essential to control some surface properties, such as wettability, roughness or chemical
reactivity.

Historically for the preparation of stamps made out of PDMS different chemistries and
preparation approaches were applied [154] but recently, most research has been done
using the commercially available product Sylgard-184, manufactured from Dow Corning
and Co. with a protocol recommended for the monomer-crosslinker ratio, as well as
specific temperature and time conditions for curing. Silicon hydride groups present in the
curing agent (which also contains platinum as a catalyst) react with vinyl groups present
in the base material forming a cross-linked, elastomeric solid. The low surface free
energy (y = 22.1 dynes-cm'l) [155] and the elasticity of PDMS allow it to be released
from the masters after the cross linking step without any damage, although it is

suffciently rigid to retain its shape. One of the advantages of the PDMS is that it can seal
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to itself or other substrates, and this sealing can be reversible (when removing the stamp
from the surface after the uCP process) or irreversible (e.g when the activated PDMS
surface reacts chemically by forming a covalent boning with the substrate) without
considerable distortion of the stamp features taking place. The polymeric nature of the
PDMS plays an important role for the printing procedure, as the ink molecules are stored
within the swollowed material - similar as in a sponge — and released again, as soon as the
stamp contacts the substrate.

In this work, polydimethylsiloxane (PDMS) is used (i) to create replicas from different
masters in order to use it as an elastomeric stamp for uCP or (ii) as base material for
photochemical functionalization and patterning processes whereby the PDMS is
converted to inorganic SiO; by the irradiation with UV-light [156-162].

Figure 5 outlines the procedure used in this work for fabricating a uCP elastomeric stamp.
The masters can be prepared using standard lithographic techniques (e.g. UV-lithography,
electron beam lithography [144], electroforming [145], solid object printing [146],
thermal printing [147]). When employing electron beam (e-beam) lithography for the
master fabrication, a photoresist is spin coated on the surface of a silica substrate, an e-
beam is used to expose those areas of the resisit, which have to be removed afterards for
the etching process. A developing step removes the irradiated precursor and the bare
substrate is recovered which is then treated with an etching procedure (liquid etching or
reactive ion etching) to form depressions. After a lift-off process where the non-irradiated
photoresist is removed, the elastomer is poured over the structured substrate and is
allowed to sit for some time to degas. After a curing step for 1-2 hours at 70°C the cross
linked polymer is gently peeled off from the master. “Inking” of the elastomeric stamp is
done by placing a drop of the SAM precursor on top of the featured surface. After the
solution is dried (either under ambient conditions or by using a stream of nitrogen gas)
the stamp is placed into contact with the substrate and SAM precursor molecules are
allowed to react at the surface-stamp interface. Next the stamp is peeled off gently from
the surface and the patterned surface can be subjected to further chemical treatments (e.g.

etching, passivation, functional groups tailoring, biofunctional attachment, etc.).
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E-Beam

Development
& etching

patterning

Final SAM Print SAM Disorganized Apply SAM
precursor on the dried SAM precursor on the
pattern substrate elastomer

Figure 5.- Scheme of the procedure of microcontact printing (uCP) to pattern self-assembled monolayers
(SAMs) on a substrate. The process begins with the preparation of a master for stamp fabrication. The master
is created by the irradiation of a photoresist layer by an e-beam, followed by a developing and an etching
process. After the PDMS is poured on top and cured at increased temperature, the stamp is peeled off the
master, is inked with the precursor molecule of the SAM and is brougth in contact with the substrate. The
“ink” is transferred forming an organized monolayer at the contact areas. In this way, selective areas can be
patterned with the molecule of preference.

2.1.3.2 Ultraviolet Induced Lithography and Functionality Promotion

The materials and processes of semiconductor lithography are adopted from graphic-arts
industry, where printing plates are prepared via lithography [163]. The basic idea of
semiconductor lithography is to first coat (generally via spin-coating) the substrate which
has to be patterned (e.g., a silicon wafer) with a photoresist. This radiation-sensitive
material is then irradiated either through a mask with the desired pattern or by direct
writing with the corresponding radiation beam such as e.g. ultraviolet (UV) light or
electron beam (e-beam). After irradiation the sample is developed. Depending on the
properties of the resist, either the exposed areas (positive resist) or the unexposed region
(negative resist) can be dissolved or removed [163]. Then the patterned coating serves as
a sealing during the structuring step of the uncoated substrate e.g. by etching. Finally, the
resist can be stripped off the structured substrate. The mask needs to be morphologically
stable under high-energy radiation and the lift-off of the resist should not damage the
substrate surface. Therefore, it is a tedious, complicated and expensive process to form
highly-ordered macro films using the conventional lithographic method.

The use of ultraviolet (UV) lithography means an overall irradiation of a substrate with

light in the ultraviolet light spectrum. Selective irradiation is accomplished by using a
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mask placed on top of the substrate. This mask protects certain regions of the surface
where the chemical modification of the resist is avoided. Polymers have been used for
decades to create chemically active regions and to generate morphological changes into it.
This irradiation creates hydroxyl and other oxidic species on the top layer of the substrate
through radical oxygen attack [164-169]. In this dissertation, an UV/ozone producing
lamp is used (i) for the effective oxidation and (ii) for the topographic structuring of a
polymer surface in presence of UV in one step. Silane chemistry can be applied on those
hydroxyl- terminated polymer structures which were exposed to the UV light and - by
that - a site selective second functionality can be achieved.

The polymer used in this work was Polydimethylsiloxane (PDMS). Due to its good
optical, mechanical and chemical properties, this polymer is used in several applications,
from protecting solar panels to contact lenses. As PDMS is a member of the group of
silicones, by UV irradiation a silica-like layer on top of the substrate can be created,
which can be used for further chemical treatment [170-172]. The presence of oxygen in
the polymer matrix allows us to oxidize the upper layer of the polymeric bulk even in
vacuum. A high intensity mercury vapor lamp with one emission maximum at 254 nm
was used to cleave the bonds of organic molecules on the surface. Strong emission at 185
nm converts atmospheric oxygen into reactive ozone, which attacks the small molecular
fragments and creates volatile organics. In this case, the Si-CH3 bond at the PDMS
surface is cleaved and a Si —OH group is formed, resulting in a hydrophilic surface due to
the newly silica-like layer created on the top. Figure 6 shows the UV/O3 induced
oxidation mechanisms of PDMS. These mechanisms have already been discussed in
literature [173-180]. Generally it is suggested that the abstraction of hydrogen is the first
step. The resulting methylene radical reacts with oxygen to give a peroxy radical and
rearranges to the silanol group. The ozone also photo dissociates to form oxygen atoms
and molecules in the ground and excited state which in turn initiate also a bond breaking
in the PDMS despite the UV irradiation playing a more important role in the oxidation
process. It is also assumed that during the initial steps, a bond break is also occurring
between the main chain (-Si-O-) or in the side groups of the polymer (-Si-C- and —C-H).
Further reactions of the silicon and methylene radicals with oxygen lead to formation of
other peroxy and oxidized radicals, as the cleaved bond of silicon with the —CH3 is
occupied by other oxidation products including —COOH, -COH and -OH groups
resulting in a newly hydrophilic surface silica-like layer on the top [160, 170-172]. This
fact has already been studied by Genzer [181], Chaudhury [182, 183], Ferguson [184] and
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others [185] for 15 years, and they already used silanes for coupling to polymeric
substrate [186] rearranging again to give silanol groups. It is mostly accepted that the side
reactions end up with an oxygen radical attack on the -Si-C bond to create a new —Si-O-
Si- bridge at the end of the mechanism [187, 188]. The silicon radical could also
eventually react with a hydroxyl radical to form again a silanol group. This survey of

possible reactions is shown in Figure 6.
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Figure 6.- Mechanism of oxidative process on PDMS using UV/QOj; irradiation in air. a)The methyl groups are
sucessively substituted by hydroxyl groups. The PDMS chains are in blue and the substituted specie with silanol
groups (Si-OH) is shown in red. Eventually also the formation of aldehydes or carboxilic acid can occurr (orange).
On b) once the polymer is completely oxidize to hydroxyl groups, the removal of water will transform the
decomposed polymer to inorganic silicon oxide.

After the polymer has been converted to a silica-like layer on the surface, further

chemistry can be applied. On this case, silane chemistry is chosen due to the selective

interaction toward oxidic materials containing hydroxyl groups. This fact has been

already studied by Genzer [181], Chaudhury [183], Toth [189] and many others since 20

years. In Figure 7 a scheme of the process is shown: First the cross-linked PDMS

substrate (created either flat or with topographical structures) is placed inside the

irradiation chamber with a nickel grid (used for transmission electron microscopy) on top

of it. The mask avoids the irradiation of the polymer on the covered areas, and in the

exposed ones, silica-like layer with the incorporation of oxygen mostly from the

environment is formed. Once the oxidized PDMS has been converted into a thin,
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wettable, brittle silica-like layer, a further chemical functionality using silane
(isothiocyanate-silane for this matter) can be achieved. In this research we use this
technique to produce selectively oxidized substrate patterns on PDMS substrates
providing a contrast of hydrophobic chemically inert areas and functionalized surface

areas next to each other.

ITC silane

MAS
Y Mma like Laye r\/

AN

PDMS |
Figure 7.- Polydimethylsiloxane oxidation and functionality scheme. First the crosslinked PDMS (a) is placed
inside a chamber which contains a UV/O; lamp generator placing a protective mask previous to the
irradiation (b). After the silica like layer is created (c), then the substrate can be silanized (d) following the
procedure to functionalize a non-structured surface.
However, hydrophobicity recovery has been observed in the substrates which have been
modified under irradiation with UV/Os;. The following mechanisms for hydrophobicity
recovery have been suggested: i) reorientation of polar groups from the surface to the
bulk phase or reorientation of nonpolar groups from the bulk to the surface [189, 190], ii)
diffusion of preexisting low-molecular weight non-crosslinked polymer towards the
surface [191-205], iii) condensation of the surface hydroxyl groups [190] and iv)
migration of low-molecular weight created during the irradiation or treatment to the
surface [194, 195, 199, 200, 206, 207]. The commonly accepted explanation for this
recovery is due to a diffusion of unoxidized low molar mass PDMS through cracks in the
silica-like surface layer[175, 185, 205, 206]. Toth et a.l [189] studied silicone rubber
surfaces exposed to radio frequency (RF) plasma or corona discharges in air. They found
silica-like layer formed on the surface, with a thickness of less than 3 nm, using angle-
resolved XPS. They concluded that the diffusion of low molar mass PDMS played a more
important role for the hydrophobicity recovery than the reorientation of polar groups in
the bulk of the rubber and other mechanisms. The importance of these phenomena lies in

the stability of the brittle layer of silica on top and therefore it will be assessed in the

experimental section.

2.1.3.3 Polymer Blends

A polymer blend is a mixture of at least two polymers with different characteristics which

can be used e.g. as a coating to tailor physical properties of the coated substrate. A
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mixture of two immiscible polymers - polystyrene (PS) and polymethylmethacrylate
(PMMA) — can be used to prepare a binary polymer coating on top of a substrate. For that
the two polymers were dissolved in a common solvent, a drop of the solution was placed
on a substrate, and the thin film was prepared by rapid rotation of the substrate (spin-
coating). Solvent evaporation during spin-coating causes an increase in the polymer
concentration that leads to the demixing of the polymers [208]. After the selective
removal of one of the polymers a hole-mask is formed on the surface and the bottom of
the holes can be chemically functionalized. This patterning method is called polymer
blend lithography. The produced polymer mask was mainly used to realize a site selective
attachment of the isothiocyanate silane or aldehyde and TMV assembly on the surface

(Figure 8).

d)
Biofunctional PMMA

silane ‘

Figure 8.- Scheme of polymer blend lithography. First the substrate (a) is coated with a solution containing the
two immiscible polymers (PS and PMMA), after solvent evporation phase separation takes place (b). Solving
one of the polymers (PS) selectively will create holes (c) which can be used for site selective functionalization

(d).

2.1.34 Dip Pen Nanolithography

Nanostructuring techniques are essential in developing further nanomaterials and
nanoscience. Particularly, some are needed to work with soft and hard matter on a scale
of sub- up to many micrometers. Methods such as e-beam lithography or ion beam
lithography or nanoimprint lithography offer the ability to build hard structures but they
do not allow the deposition of molecules in a nanopatterned way directly on the surface.
Microcontact printing (WCP) allows doing the latter but it does not allow generating
structures made of different inks with nanoscale resolution. Dip Pen Nanolithography
allows making multicomponent structures with very high lateral resolution and by using
arrays of several cantilevers, it is possible to achieve the massive parallel capabilities of
the microcontact printing with the versatility of photolithographic techniques.

The use of atomic force microscopy as a nanofabrication device developed in the recent
years with the promotion of the Dip Pen Nanolithography (DPN). This technique offers a

very high lateral resolution (10 to 20 nm) and in sitfu imaging capabilities, ranging even to
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manipulate matter at individual atom or molecular level [209]. It employs an ink-coated
AFM tip to precisely create patterns with arbitrary shape and different sizes on a surface,
and unlike other methods, DPN is a direct writing tool that allows the deposition of soft
molecules and materials onto a surface with high nano and sub-micron resolution. Further
exposure to any other conditions, or harsh UV or ion electron beam or solvents is not
necessary [210]. Due to this advantage, it is employed in this work to selectively deposit
isothiocyanate silane on a glass slide. The concept of the method is shown schematically
in Figure 13. The ink, in this case isothiocyanate silane, can be transferred to the tip of the
cantilevers by placing a drop on top of the chip or by dipping it into the solution. After
drying, the AFM tip is approached to the surface, where the humidity from the
environment creates a meniscus which fluidizes the silane molecules on the AFM tip
towards the surface where it reacts with the —OH groups of the surface (Figure 9b). For
the deposition of biomolecular patterns on solid surfaces, two strategies can be employed:
a direct and an indirect method. They distinguish from each other depending on the
chemical component which is been deposited. In this case, the isothiocyanate silane is
directly deposited on the silica surface. Afterwards, a DNA linker solution is incubated on
top of the substrate (accordingly to the goal specified previously in the introduction) and
the DNA couples specifically to the silane. This is considered as an indirect deposition on
the substrate as the molecule is adsorbed just on the pre-functionalized pattern. This
second approach allows fabricating biomolecular patterns, but without any denaturation
of fragile biomolecules caused by direct writing [211]. However, nonspecific binding
effects of the biomolecules may influence the fidelity of the patterned structures.

As this technique writes directly onto the surface, it is very compatible for patterning
biomolecules on surfaces. DPN can work in the same way as some chip-based array
techniques or microarrays, which have become universally used in almost every area of
health-related research [212, 213]. The advantage of this technique over microarray
technology is the increase of density of dots available on the same area on almost 5 orders
of magnitude and, with an appropriate readout system, this densities would allow an assay
to screen for a correspondingly larger number of targets. Another important step forward
is the advance in development of high-efficiency, high-resolution screening tools in order
to read these nanoarrays. Using a chip containing several cantilevers (from 10 up to 25
tips), it can be used for a selective deposition of different inks or functionalities in a

single process as illustrated in Figure 9d.
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Figure 9.- Dip Pen Nanolithography concept scheme. First the AFM cantilever is dipped into a solution
containing the ink (silane or thiol). After the tip is dried, it is placed into contact with the surface (b). Due to the
humidity of the environment a water meniscus on the tip is formed, making the molecules to flow towards the
substrate. Once the molecule is directly placed on the substrate, further functionality can be achieved. In this
dissertation, DNA linkers which are complementary to a TMV-RNA sequence will be coupled on the
isothiocyanate surface. (¢) The automated process makes the repetition of several hundreds of features possible
using different inks simultaneaously (d).

2.2 Biological Functionalization of Surfaces- Tobacco
Mosaic Virus Self-assembly on a Surface.

Strategies for immobilizing different chemical groups on solid surfaces, with the purpose
to act as templates for biological applications (biofunctionalized surfaces), range from
non-specific adsorption of proteins to glass or polymers to oriented self-assembly
monolayers and high density packed arrays on gold, silicon or other materials. It is
desirable that these surfaces are stable, robust and reproducible. The high throughput
preparation of nano-sized devices is a big challenge particularly when the resulting
products have to be identical in shape, dimensions and functionality. Tobacco mosaic
virus (TMV) particles have been used to direct arrange and functionalize specific sites on
substrates. This biomolecule complex offers promising perspectives for nano application
as a carrier of multiple functional molecules [58, 60, 214-216]. One of its advantages is
the long-time stability in technical environments [12, 217].

Nature faces this challenge by using the principle of self-assembly whereby molecular
building blocks are arranged ‘“automatically” in a well-defined orientation just driven by
the specific interactions between the different components. Bottom-up approach is the
manufacturing of nanomaterials by manipulation and organization of individual atoms
and molecules into determined configurations in a way similar to the processes done by

molecular machines in nature. A classic example on the bottom-up approach for
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constructing nanomaterials is the self-assembly of lipid molecules such as liposomes.
Another example is the accommodation of protein along the RNA forming this way a
virus, in its several particular structures. The advantage of the bottom-up approach would
be the flexibility to create any substance, object or device through an atom by atom
construction [218]. Therefore, the site selective bottom up assembly of the viral
nanoparticles is desirable and was shown to be possible in a recent work by Miiller et al.
[72]. These characteristics would offer a high potential for application of the particles as
biotemplates e.g. for the production of metallic nanorods [10, 219, 220] or virus-based
solar cells [15, 221-223]. The self-assembly of the tobacco mosaic virus was first
demonstrated by Frinkel-Conrat and Williams [224] in 1955. They started with isolated
particles from some infected plants. Through a dialysis process using glycine buffer, they
were able to degrade the virus into their two main components, ribonucleic acid (RNA)
and coat protein. The separation from RNA and the protein takes place by precipitating
the protein alone by saturation with ammonium sulfate [224]. Therefore two different
solutions can be prepared, one containing the protein and the other one containing the
RNA. Once they mixed again the two solutions they found fully assembled TMV-like
particles and for the first time demonstrated that the tobacco mosaic virus could self-
assemble in a test tube starting only with its basic protein and the RNA [225]. Therefore,
a robust, well studied and non-pathological system is found in the TMV assembly for this
research. The entropy-driven process [226] has been analyzed extensively by in vitro
studies, resulting in a widely accepted mechanistic model as reviewed in detail by Butler
et al [18]. Furthermore, the vertical sequence of the CPs can be modified by alternating
coat proteins chemically functionalized at different steps. By this, different viral
nanoparticles can be produced with sequences of different CPs [227, 228] which can — on
their part — be used to bind other molecules as e.g. enzymes to the TMV-like particle
[229].

Nucleation of TMV self-assembly is done by binding a specific stem-loop of the single-
stranded viral RNA into the central hole of a two-ring sub-assembly of the coat protein
(34 CP subunits), known as the “disk” [230] (Figure 10a). Elongation of the nanotube
proceeds rapidly via the serial addition of further CP disks, each with subsequent
incorporation of the following stretch of RNA located 5° end of the origin of assembly
[231]. During this process, the residual free 5° tail of the RNA is threaded through the
central channel of the nascent viral particle, with its foremost portion forming an RNA

“travelling loop” at the fast-growing end of the virion [16]. Binding of the loop onto its
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specific binding site, between the two rings of the disk, leads to melting of the stem so
more RNA is available to bind (Figure 10b). The interaction of the RNA with the protein
subunits in the disk cause this to dislocate into a proto-helix [232] (Figure 10c-d),
rearranging the protein subunits in such a way that the axial gap between the rings at
inner radii closes, entrapping the RNA with around 2200 identical protein subunits
(Figure 10e) [18, 233, 234]. The resulting nanoparticle has a known geometry with an
outer diameter of ~18 nm and a hollow channel with a diameter of ~4 nm. This in-vitro
mechanism is essential for elucidating the bottom-up self-assembly of the virus-like

particles on a surface when the RNA is fixed on one of the ends (5°) by the DNA-

complementary strand and ITC chemistry

~TMV-RNA

r

Origin of assembly \c""’

|

Figure 10.- Self-assembly process of TMV mechanistic model for the RNA-directed self-assembly of TMV-like
particles in the 5’ direction. [Butler, 1984]. a) the structure of the protein disk derived from an X-ray
diffraction pattern [Bhyravbhatla et al 1998]. b) Secondary structure model of the RNA sequence of the TMV
genome [Goelet, 1982] where the inset shows the origin of assembly hairpin with the nonanucleotide loop
[Zimmern and Buttler , 1977]. c) the interaction of this section with a preformed proetin double-disk aggregate
leads to a transition of the complex into a lockwasher comformation (d) whereas the addition of further disks
to the growing pole forms a cilindrical structure when the stretch of the RNA takes place along the central
channel of the nascent viral particle (e). the self-assembly process of protein disks along a RNA-template used
.as scaffold is shown. The process is shown as taken place in solution with no spatial restrictions.
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3 .- Experimental Methods

3.1 Protocols

In this section, technical details for the characterizations and procedures followed to
prepare the experiments are presented in the following layout: materials and methods,
protocols, small review from some methods and for the measurement techniques, the
most important operating parameters.

First it must be reminded that the focus of this thesis is on the surface selective
modification and structuring of substrates for biological applications. As the project is a
joint collaboration with the University of Stuttgart, several biological methods (Appendix
A) used throughout the dissertation belong and are developed outside the reach of this
work and done directly by the biology group in Stuttgart. Nevertheless, the procedures are
also described even though they might be outside of the specific focus of this work.

For silicon dioxide surfaces, organosilane-based chemistry was applied. For
polydimethylsiloxane also a silane-based chemistry is applied, granted a silicon oxide thin
layer is formed previously on the polymer by UV/Oj3 irradiation as explained in section

2.1.3.2.

3.1.1 Functionalization of Glass and Silicon Oxide surfaces

For the functionalization of oxidic surfaces, two main procedures from literature were
tested and modified. First, a cleaning procedure of the substrate is necessary to achieve a
successful adsorption of the monolayers, followed by the preparation of the
3-isothiocyanate propyl trimethoxy silane (ITCPMTS) and the silanization procedure.
The selection of the experimental parameters (temperature, humidity, pressure) and the
selection of the solvents play a very important role in the successful formation of a silane

monolayer.

Preparation of the substrate- Cleaning
Materials
- Float-Zone grown Si (100), polished, with a 8-12 Ohm/cm resistance, and
thickness about 525+20 pum, from Silchem (Freiberg, Germany) with a thin oxide

layer (~60 A) is used for silicon oxide based silanization.
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- Microscope glass slides from VWR/ menzel glass (Germany) dimension
LxWxT: 76x26x2 mm

- MilliQ water from a Millipore Milli-Q plus equipment. (Germany) of at least 18
MQ quality

- Ammonium hydroxide 25% solution from Merck (Germany) for analysis

- Sulfuric acid ACS reagent, 95.0-98.0% from Sigma-Aldrich (Germany)

The wafers were received as small plates of 10 cm diameter and cut with a diamond pen
to the required sizes (~1 cm?) and cleaned with a snow-jet gun of CO; at high pressure.
This procedure alone is just a deficient cleaning procedure which was responsible for
yield losses in our earlier experiments. According to several representative early papers
published the effects of contaminants is very important in the application process of
silicon wafer and devices [235].

The so called RCA wet cleaning sequence was developed by Werner Kern in the 1960
while he was working for Radio Corporation of America before the high temperature
processing steps were used (oxidation and diffusion)[236], and still is used widely in
semiconductor manufacturing as a critical cleaning steps for the removal of organic,
metallic and particulate contamination on wafers surfaces prior to oxide growth,
monolayer growth or any other surface treatments. The process consists of the
consecutively application of two hot solutions known as RCA-standard cleaning solutions
(SC-1 and SC-2) at 60°C for 30 minutes. In this dissertation the SC-1 solution for the first
processing step consists of a mixture (1:1:5) of ammonium hydroxide (NH4;OH),
hydrogen peroxide (H,O,) and water (H,O). The second (modified: sulfuric acid instead
of hydrochloric acid) cleaning solution SC-2m consists of a mixture (1:1:5) of sulfuric
acid (H,SOy), hydrogen peroxide (H,O;) and water (H,0O).This is a diluted version of the
so called piranha solution. In our case, the solutions were used to remove gross organic
materials, particle contamination, and mainly for oxidation of the surface, as the
monolayers formed by silane need the highest amount of hydroxyl groups possible.
Unfortunately metallic and other inorganic contaminants are not desorbed. For handling
of the solution extreme care needs to be enforced e.g. goggles, gloves and always a fume
hood. Vigorous rinsing with milliQ water is necessary after each step. After the SC-1, the
small chip of silicon wafer is not taken out from the cleaning vial, but overflown with

water to avoid any contact with the environment and the re-deposition of organics. At the
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end of the rinsing the chips remain immersed in the water until the silanization process
takes place.

In case of cleaning microscope glass slides, the procedure remains the same, but using
higher amounts of cleaning solutions for the slides to be kept always under solution (200

ml beakers).

3.1.1.1 Synthesis of ITCPTMS

Materials

- 3-aminopropyltrimethoxysilane (APTMS) (97%) and
3-aminopropyltriethoxysilane ~ (APTES) (99%) was bought from ABCR
(Germany) and used without further purification.

- Methanol (=299.93%) was bought from Sigma-Aldrich (Germany) and used
without further purification or treatment.

- Methanol anhydrous for analysis (99.8% and max 0.005%water) was bought from
Applichem (Germany) and kept always under nitrogen atmosphere when used.

- Ethylchloroformate (97%) from Sigma-Aldrich (Germany) was used without
further treatment.

- Chloroform (>99%) was bought from Sigma-Aldrich (Germany).

- Triethylamine (>99%) was bought from Sigma-Aldrich (Germany).

- Carbon disulfide anhydrous (>99%) was bought from Sigma-Aldrich (Germany).

Isothiocyanates have been prepared mainly by reaction of primary amines with
thiophosgene [237], by the decomposition of 1,3 disubstituted thiourea with acids, and by
the decomposition of dithiocarbamates from primary amines and carbon disulfide in
presence of heavy metal salts [238], or dicyclohexylcarbodiimide [239].

In 1978, Halles described the reactions of amino groups with isothiocyanates onto
silanized substrates[240]. Since then several kinds of isothiocyanates have been used for
surface reactions: a phenylene di-isothiocyanate was used for linkage of amino-modified
nucleic acids [241], peptides [88] or other amines [242] to an amino-functionalized
surface. Benzophenone-4-isothiocyanate was used as a linker for antibody immobilization
on a thiolated gold surface[243]. Fluorescein isothiocyanate (FITC) is one of the most
common labeling dyes used for labeling amines. In the past, FITC was used to prove the
successful coupling of amino siloxanes on modified gold nanoparticles [244], on amino

silanized carbon nanotubes [78] or fluorinated polymer-coated surfaces [245] whereby

3-3



Carlos Azucena

confocal microscopy was used for analysis [246]. For the work presented here, the
3-isothiocyanatepropyltrimethoxysilane (ITCPTMS) moiety is produced via a one-pot
synthesis following the Kaluza [247] and Hodgkins [139-141] reaction and following
Yamamoto et al. [248, 249] procedure from an amino terminated silane and immobilized
on the surface without need of an additional incubation process as it is the case for the
aldehyde terminated substrates, where the coupling of the 3-aminopropyltrimethoxysilane
is required as a first step, followed by the dialdehyde coupling (see chapter 3.1.1.2).

This reaction uses a primary amine as nitrogen source and with carbon disulfide as the
carbon and sulfur source. The reaction was prepared stoichiometrically adding 0.1 mol of
amino silane (independently from the alkyloxy group) inside a balloon flask containing
20 ml of chloroform. The dithiocarbamate was prepared from the amine with a 0.1 mol of
triethylamine as basic agent and carbon disulfide in excess to ensure the complete or most
advance yield of the reaction. The carbon disulfide was added drop wise over a 10
minutes period. This mixture reacted at a temperature close to ~0° C or below with
stirring for 3 hours. The reaction was completed by adjusting room temperature.
Afterwards, the carboethoxylation was carried out adding an equivalent of ethyl
chloroformate also drop wise at -5° C. The addition of triethylamine is also required as it
serves as a base catalyst. A salt (triethylamine hydrochloride) is then separated from the
liquid by filtration and the liquid is used without further purification. The product can be
isolated by extraction with ether and evaporation of the solvent in vacuum.

Another option is to redissolve the salt into the same solution without the need for
separation. In this sense, a lower purity is achieved but it can be treated as

one-pot-synthesis nevertheless.

Table 1.- Chemical components and amounts for isothiocyanate propyltrimethoxy silane synthesis

final

MW Density Molar Mass  Volume  Purity  amount

(g/mol)  (g/ml) concentration  (g) (ml) (%) (ml)
aminopropyltrimethoxysilane 221.37 | 0.946 0.1 22.14 | 23.40 0.98 23.88
carbon disulfide 76.14 1.266 0.1 7.61 6.01 0.9999 | 6.01
ethylchloroformate 108.52 1.135 0.1 10.85 | 9.56 0.97 9.86
methanol 3204 | 0.791 0.998
triethylamine 101.19 | 0.726 0.99 3.0
chloroform 119.38 | 1.492 0.99 10.0
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The procedure for the isothiocyanate synthesis using cyanamide as desulfurizing agent
follows a very similar method to the previously developed from Kaluza. In this method,
the reaction follows the same steps until the formation of the dithiocarbamate. From there
instead of using ethylchloroformate as desulfurizing agent, cyanamide is used together
with triethylamine as catalyst. A solution of cyanamide in tetrahydrofurane is added into
the solution containing the dithiocarbamate and after stirring at ambient temperature for 3
hours, the residue is extracted with ether (4 times). Afterwards, the ethereal extract is

evaporated to give the corresponding isothiocyanate silane as an oily yellowish residue.

3.1.1.2 Silanization of Silica Wafers and Glass Slides

Materials

- Silica wafer chips or glass slides cleaned using SC1-SC2m

- Methanol anhydrous for analysis (99.8% and max 0.005%water) was bought from
Applichem (Germany) and kept always under nitrogen atmosphere when used.

- Isothiocyanatepropyltrimethoxysilane ITCPTMS) (in-house prepared)

- Isothiocyanatepropyltriethoxysilane (ITCPTES) >90% in chloroform from ABCR
(Germany) custom made according to Kaluza reaction. This will be referred as
commercially available / custom-made silane.

- Aminopropyltriethoxysilane (APTES) from Sigma Aldrich (Germany) >97%

- Glutaraldehyde 25 wt. % in H,O from sigma Aldrich (Germany) diluted in

Millipore water up to 1% v/v.

Isothiocyanate silanization.

According to a modified procedure of Zeira et al.[35] preparation of a high quality
monolayer is done following an improved two-step procedure. Using the freshly cleaned
silica substrate, the water excess is blown with a nitrogen gun. A 3% v/v solution of
ITCPTMS silane in dry methanol is freshly prepared and kept under nitrogen to avoid any
water absorption into the solution. It is well known that silanization is very sensitive to
many parameters, such as water content of solution, ambient humidity of the surrounding
atmosphere, and even glassware which has been previously used for another purpose.
Some parameters are hardly possible to be controlled e.g. how thick is the water layer

physically adsorpted on the hydroxyl surface depends on the ambient humidity (summer
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60% or more and winter 30% or less). In this sense, the layer was not able to be
controlled in our set up for the experiments.

The chip is immersed inside the methanolic ITC solution and sonicated for 15 minutes
followed by a 2 minutes sonication in pure solvent (dry methanol). The immersion of the
sample and further rinsing is repeated three times. By exposing the chips to a humid
atmosphere (100% r.H.) for 12 hours at 40°C, a further elimination of monolayer defects
by densification and stabilization is achieved [54]. Furthermore, the silica wafers are
taken out from the humid chamber and dipped again in the silane solution for 15 minutes
and the corresponding 2 minutes rinsing step. This is done three times ending with a final
thermal annealing of 10 minutes at 100°C. Finally the samples are packed under nitrogen

for the further use.

Amine / Aldehyde silanization

Amino silanization of the cleaned or pre-structured Si wafers was done by gas phase
silanization with aminopropyltriethoxysilane (APTES) under nitrogen atmosphere. Si
wafer pieces were placed over a beaker containing pure APTES at room temperature (RT)
in dry nitrogen for 40 min under 1 mbar vacuum. Afterward, the silanized samples were
incubated in a 1% glutardialdehyde solution in ambient atmosphere for 30 min, washed
with H,0, and dried in a stream of nitrogen (procedure modified from Feng et al. [137]).
The other suitable procedure is exactly the same as used above for the isothiocyanate

functionalization following the wet route.

3.1.1.3 Addition of Iron-cored Silica Nanoparticles and
Fluoresceinamine

Materials

- Magnetic nanoparticles (MagPrep®) of around 100 nm in aqueous suspension of
50 mg/ml were bought from Merck and diluted 1:100 in MilliQ water.

- Fluoresceinamine isomer I, was bought from Sigma-Aldrich (Germany) and
prepared in an aqueous buffer solution of pH 9.0

- “DIG buffer wash and block” bought from Carl Roth (Germany).

- Sodium dodecylsulfate (SDS) Sigma-Aldrich, (Germany).

- Streptavidin-alkaline phosphatase Roche; Cat #11093266910 Germany

- Diisopropylethylamine >99.5% (DIPEA) from Sigma-Aldrich (Germany)
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- Dimethylformamide (DMF) for molecular biology, >99% from Sigma-Aldrich
(Germany)

- Potassium chloride from Sigma-Aldrich (Germany)

- Acetone from Sigma-Aldrich (Germany)

- Aminohexanol (>97.0%) from Fluka (Germany)

For the experiments involving particle adhesion or the coupling of fluoresceinamine, the
samples are dipped inside the solution containing the previously mentioned markers. In
the case of the nanoparticles adsorption the samples were placed vertical on the solution
containers to avoid any influence from gravity on the assembly.

In case a contrast area in the sample is required, a drop (smaller than the isothiocyanate
silanized area) is placed on top of the substrate and left for 5 minutes in case of the
aminofluorescein and 18 hours in case of the DNA-fluorophore addition. The
concentrations vary from 0.01 mM to 0.1 mM. They will be specified in the experiment
when discussed.After the treatment, the samples were washed with MilliQ water.

In the case of the microarray experiments (section 4.2.2.4.2) involving fluorescein,
different concentrations were used. Nevertheless they were prepared following this
procedure: The epoxy slide and one of the isothiocyanate slides were treated with a
standard protocol for microarray oligonucleotide coupling (immobilization T°= 60°C, 30
minutes, washing step with 0.1% Triton buffer and 1mM HCI, 100 mM KClI, and H,O,
then a blocking step at 50°C, for 15 min with PEG blocking solution and final washing
with H,O). The other isothiocyanate functionalized slide was treated according to
Manning et al. [250, 251], (immobilization T°= 37° C , 90 minutes, washing step with
methanol and H,O, then a blocking step at 27°C, for 60 min with a 50 mM
aminohexanol/DIPEA blocking solution and final washing with DMF, Acetone and H,O).
In case of the fluoresceinamine, microcontact printing was used on silanized substrates in
order to provide an further structure and approach towards miniaturization goals.

Figure 11 shows AFM topography images of two PDMS stamps made in-house from
different master. One of them was received from the group of Prof. Terfort (University of
Frankfurt, Germany, Figure 6a) and a second was bought from Klarite ®, Renishaw

Diagnostics (England, Figure 6b).
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Figure 11.- 3D and AFM topography images
PDMS stamps with two different patterns: (a) lines
with 7.5 micron width decreasing over a 60x60 pm>
scanned area down to 5 microns width. (b) pattern
of pyramidal feature over a 20x20 pm’ scanned
area. The color scale in both images range up to 1
micron.

3.1.2 Functionalization of Polymers by UV/O; Irradiation

Materials

Polydimethylsiloxane (PDMS) from Dow Corning (Belgium) and its crosslinker is
prepared in a 10:1 volume ratio composition.

Methanol anhydrous for analysis (99.8% and max 0.005%water) was bought from
Applichem (Germany) and kept always under nitrogen atmosphere when used.
Isothiocyanatepropyltrimethoxysilane (ITCPTMS) in-house prepared
Isothiocyanatepropyltriethoxysilane (ITCPTES) >90% in chloroform from ABCR
(Germany) custom made according to Kaluza reaction. This will be referred as
commercial

UV/0O; Pro-cleaner from Bioforce

Transmission Electron Microscopy (TEM) grids from Plano (Germany). Different

sizes and patterns (400 square mesh nickel, 200 square mesh nickel, mixed mesh

copper)

Polydimethilsiloxane (PDMS) from Dow Corning (Belgium) with its crosslinker was

used in a 10:1 (monomer:crosslinker) ratio. PDMS is cured by an organometallic

crosslinking reaction. The siloxane base oligomers contain vinyl groups. The cross-

linking oligomers contain at least 3 silicon hydride bonds each. The curing agent contains

a proprietary platinum-based catalyst that catalyzes the addition of the Si-H bond across

the vinyl groups, forming Si-CH,-CH,-Si linkages. The multiple reaction sites on both the

base and crosslinking oligomers allow for three-dimensional crosslinking. If the ratio of

curing agent to base is increased, a harder, more cross-linked elastomer results. Heating

will also accelerate the crosslinking reaction [252]. In our case 2 hours at 70°C has been

used for every experiment. The density of the mixture does not change appreciably during
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cross-linking because the monomer is non-volatile. The shrinkage in PDMS films during
curing has been reported to be about 1% [253]. Furthermore the pot-life of the solution is
around two hours and the mixture begins to solidify at longer durations. The cross-linking
mechanism gives elastic stiffness to the PDMS film and the modulus of PDMS will
increase with increasing mass fraction of the cross-linker. Conditions that favor the
crosslinking reaction will also produce an increase in stiffness.

Silica wafer cleaned according to SC;-SC,m cleaning procedures was used as master for
achieving nanometer roughness. The flat substrates were afterwards taken into the UV/O;
cleaner and irradiated for 600 minutes. A high intensity mercury vapor lamp generates
254nm wavelength light which cleaves the bonds of organic molecules on the surface.
Emission at 185nm converts atmospheric oxygen into reactive ozone, which attacks the
small molecular fragments and creates volatile organics.

The substrate can be also selectively irradiated and therefore selectively oxidized
previous to silanization. Patterning was carried out by placing transmission electron
microscope (TEM) grids (nickel grid with 400 squares mesh and a copper 200 square
mesh from PLANO, Germany) on top of the polymer surface before the substrate is
treated in the UV/O3 chamber. Irradiation takes place for two hour period for 3 up to 5
times with pauses of 60 minutes between the irradiation steps. This is for countermeasure
the hydrophobicity recovery of the substrate after the irradiation took place (see section
2.1.3.2). Immediately after the substrate is finally treated, the sample is immersed in a
3% v/v solution of ITCPTMS in dry methanol. An alternative procedure is done just by
pipetting a drop from the pure silane onto the irradiated area (in many cases over the grid
in pure form) and for each cases, two hours waiting is necessary for a saturated
silanization of the substrate. The silane also prevents further hydrophobic recovery of the
substrate as the crosslinking between the silane molecules acts also as a reinforcing

network for the surface.

3.1.3 Polymer blends as mask for selective functionalization of silica
wafers
Materials
- Polymethylmethacrylate (PMMA) 100 kDa reference standard quality from
Polymer Standards (Germany).
- Polystyrene (PS) 100 kDa reference standard quality from Polymer Standards
(Germany).
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- 2-Butanone / toluene / cyclohexane/ acetic acid bought from Sigma Aldrich

(Germany) quality >99%

Silicon wafers were spin-coated with a solution of the two immiscible polymers
polystyrene (PS) and polymethylmethacrylate (PMMA) dissolved in methyl—ethyl-ketone
(MEK). A molar 1:1 mixture of polystyrene (PS) and polymethylmethacrylate (PMMA)
in methyl-ethyl-ketone with a total polymer concentration of 2 mg/mL was prepared.
Twenty microliters of this solution were coated with a spin coater at 50 rps for 30 s onto
the Si wafers. Demixing of the polymers occurred upon fast evaporation of the solvent
and resulted in patterns characteristic of the respective mixtures applied. The resulting
polymer pattern was treated with a specific solvent in an ultrasonic bath for 10 min to
selectively remove the desired polymer from the surface, which uncovers the Si wafer in
these areas: acetic acid 10% vol. treatment for 10 minutes selectively removed PMMA,
partially uncovering the Si wafer while cyclohexane treatment for 10 minutes removes
selectively the PS. Figure 12 represents the same area of a wafer exhibiting a
characteristic circular and meander structure, with a combined PMMA removal,
respectively, leaving a PS mask 100 nm in height. The partial removal of the PMMA is
due to an acetic acid drop placed on a small area of the substrate, dissolving selectively
just the PMMA but not the PS in this case. On a different approach, the substrate was
functionalized first with the amino silane and after it can be structured in the previously
explained form. The last step in both cases is the aldehyde coupling. In the figure the
three areas can be seen: the depressions (darker areas) arise due to the PMMA removal
and the circular pattern corresponds to the PS islands. The elevated (brighter) area

belongs to the remaining PMMA.

Figure 12.- AFM topography image showing

showing the PS-PMMA structured substrate. A
- partial disolution of the PMMA mask has been
done by placing a drop of acetic acid on the
surface removing exclusively the PMMA from
that area. The circles belong to the polystyrene
polymer, and the matrix to
s polymethylmethacrylate. The PS is lower than

the PMMA but still higher than the substrate.

AFM topographic images of the polymer blends cast from 2 mg/ml solution in butanone
are shown in Figure 13. With the 50% mass ratio of PS:PMMA the substrate was coated

with an island-type topography as shown in Figure 13a and b. These isolated islands have
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a height of about 5-10 nm above the continuous surface, in this case silica, and they
possess a diameter of around 200 nm. If the PS/PMMA ratio is decreased, then a
continuous phase appears. Figure 13c) shows the topography of the 25% weight ratio of
PS:PMMA. The islands tend to coalesce together to form large and bicontinuous areas.
Since the continuous area fraction increases with PMMA bulk concentration, these
islands are most probably composed of a PMMA-rich phase [254]. In the experiments
described here the bigger islands were preferentially used as the selective removal of the
polystyrene was favored in this situation. A complete removal of the PMMA layer was
also investigated, yielding the acetic acid (99% purity) as the best removal solvent for

PMMA (Figure 13d).

um

pm

2 3 4 5

um um
Figure 13.- AFM topography of a PS / PMMA polymer blend (1:1 mg) a) after casting and b) after
cyclohexane mediated polystyrene removal, ¢) higher mass ratio (1.5 mg PMMA:1 mg PS) spin coated and
polystyren removal by cyclohexane, d) removal of both polymers by treating the sample with toluene (for
polystyrene) and acetic acid (for PMMA).
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3.1.4 Biofunctionalization of Substrates (Silicon Wafers and PDMS
Oxidized Surface)

In order to biofunctionalize the substrate following a self-assembly scheme as shown in
section 2.2, DNA oligonucleotide strands have to be coupled first on the substrate and
submitted to subsequent steps of ligation/hybridization for further RNA coupling. Once
the RNA has been conjugated on the substrate, the final coat protein self-assembly takes
place. The biofunctionalization of the substrates is carried out in the same way
independently of the substrate (silica wafer, glass or PDMS). Therefore, the substrate type
will not be mention in the materials list. As explained in the introduction, the part of the
project carried out in this facility involves the DNA-linker immobilization in-house
before the samples are sent to Stuttgart University for the RNA-CP assembly. For a more
comprehensive list of the methods used in the bottom-up self-assembly of virus-like
particles done in the University of Stuttgart involved in this dissertation please refer to

Appendix 1A

3.1.4.1 DNA Linker Immobilization on Functionalized Isothiocyanate-
Silanized Wafers.

Materials

- DNA oligonucleotide was ordered and assembled according to the necessary
sequence for the RNA binding purchased from Metabion Martinsried, Germany,
(USA); Martinsried (Germany). *sequence will be extended in the procedure

- RNA sequence in vitro with a MEGAscript Kit from Ambion (Austin USA).

- Only sterile 2x filtered HPLC water was used to prepare buffer solution.

- Spotting buffer 1M tris-HCI at pH 7 bought from Carl Roth (Germany).

- Saline-sodium citrate (SSC) buffer bought from Carl Roth (Germany).

- RNase inhibitor New England Biolabs (USA).

- Sodium dodecylsulfate (SDS) Sigma-Aldrich (Germany).

- Diisopropylethylamine >99.5% (DIPEA) from Sigma-Aldrich (Germany)

- Dimethylformamide (DMF) for molecular biology, >99% from Sigma-Aldrich
(Germany).

- Aminohexanol (>97.0%) from Fluka (Germany).
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Generally, from this step on, MilliQ water which had been treated with dimethyl
dicarbonate (DMDC, Merck, Germany) [255] was used for the preparation of aqueous
solutions. A single-stranded DNA oligomer (ssDNA, from Metabion, Germany,
nucleotide sequence:"5’-T|5-GCACCACGTGTGATTACGGACACAATCCG-3") with
5'-terminal amino modification (5° C6 Aminolink) was covalently bound to the
isothiocyanate-functionalized areas of the wafers and the PDMS. The linker DNA
oligomers were diluted in 1 M Tris-HCI buffer pH 7.0, 1 % N,N-Diisopropylethylamine
(DIPEA) [256] to a concentration of (10 pmol/ul). 2 ul of this spotting solution were
applied to the functionalized surfaces. After incubation in a humid chamber for 16 h, the
surfaces were washed and blocked as reported [256]. Briefly, immobilization was
followed by immersion in DMDC-treated MilliQ water for two times 2 min and 5 min in
methanol under gentle agitation. Subsequently, the specimens were dried under a stream
of nitrogen and residual isothiocyanate functionalities were blocked by treating them in a
solution of 50 mM 6-amino-1-hexanol in DMF containing 150 mM DIPEA for 2 h. After
final washing steps in DMF (2 min), in acetone (2 min) and in DMDC-treated MilliQ

water (two times for 5 min), the specimens were dried under a stream of nitrogen.
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3.2 Measurement Techniques

A summary of several surface analytical techniques used in this dissertation and their
specific parameters is discussed in the following pages. Some topography evaluating
techniques are often found in the biomaterial literature, including: (Environmental)
scanning electron microscopy ((E)SEM), transmission electron microscopy (TEM),
atomic force microscopy (AFM) and light microscopy / fluorescence light microscopy
(LM/FLM). In this dissertation, a second group of techniques is used to reveal valuable
information regarding the elements constituting the surface (or the solution) and to
characterize the chemical structure near the surface region (or in solution) of a sample by
using the interaction between mater and radiated energy. Included in this second group is
X-ray spectroscopy (XPS), and time-of-flight secondary ion mass spectrometry (TOF-
SIMS).

Numerous techniques for surface analysis including optical and spectroscopic methods
are used to characterize the chemical composition of a material. Although for chemical
characterization the use of microscopes such as environmental scanning electron
microscope (ESEM) or atomic force microscope (AFM) or even a normal light
microscope or fluorescence microscope is not suitable, secondary or indirect techniques
are used to assess the chemical composition and structure of the molecules (mostly in
solution) and functionalities. Some examples are: Fourier transform infrared spectroscopy
(FT-IR) and Fourier transform Raman spectroscopy (FT-Raman).

When examining the efficiency of a surface reaction through light/fluorescence
microscopy, an amino functional fluorophore is added to the complementary reactive
group on the surface (either aldehyde or isothiocyanate). The intensity of the emitted light
is measured in order to assess the presence of the functional group in the surface.
Different structuring techniques are used in combination with the characterization
techniques to help in the evaluation of the presence of the functional groups. A short
summary of the techniques used in this dissertation, along with the useful information

which can be withdrawn from them is shown in Table 2.
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Table 2.- Surface science techniques for characterization of self-assembled monolayers used in this dissertation.

Experimental Technique Information that can be obtained

X-ra hotoemission  spectrosco . . . .
v p P Py Elemental composition, chemical state, impurities

(XPS)
Fourier transform Infrared | Specific chemical groups, adsorption site,
spectroscopy (FT-IR) molecular tilt
Fourier transform Raman spectroscopy | Specific chemical groups, adsorption site,
(FT Raman) adsorbate vibration.
Wettability, homogeneity of the surface, semi-
Contact Angle (sessile-static drop) quantitative change before/after chemical group
coupling.

Visually distinguish spatial distributed chemically
modified surfaces. Chemical reactivity, semi-
quantitative change before/after chemical group
coupling.

Surface topography, surface structure (periodic
and non-periodic), stiffness, elasticity.

Light/Fluorescence microscopy

Atomic force microscopy (AFM)

3.2.1 Atomic Force Microscopy

Atomic Force Microscopy (AFM) uses a non-optical way to map the surface of the
sample. It belongs to the techniques of scanning probe microscopy family. It can be also
used for several other applications, including chemical [257], magnetic or potential probe
microscopy, photothermal microspectroscopy, kelvin probe microscopy, etc. In this
dissertation AFM was used for topographic investigation for biological purpose [258].
The AFM maps surfaces by raster scanning a fine silicon tip very smoothly over the
surface, recording via a photodiode and a laser reflected on the back of a tip, a profile that
can achieve atomic resolution (mica, HOPG, or freshly etched silica). As the tip of the
cantilever finds any elevation change on the surface, the cantilever deflects. A laser
pointed to the back of the cantilever and is aligned in that way that it - after reflection —
irradiates a four-segment photo diode. If there is a deflection of the cantilever due to a
change in topography, the laser hits the photodiode in the upper or lower field registering
a difference in voltage. Feedback from the photodiode difference signal, through software
control from the computer moves the piezoelectric element holding the sample in order

for the tip to maintain either a constant force between the surface and the cantilever. If the
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tip is bending upward because it has reached a feature, the scanner/piezo moves the whole
probe downwards, enough to return the deflection of the cantilever to its original value. In
the same way, when a "valley" is encountered, the scanner moves the probe upwards. In
this way, the deflection of the cantilever, and hence the tip-sample interaction force is
kept constant. The amount the scanner had to move to maintain the deflection is
equivalent to sample topography, and is recorded by the computer, plotted and translated
to a height image by knowing the deflection generated by any nanometer (see Figure 14)

[259-262].

Laser beam

Photodiode PC/ Output

Cantilever

Piezo/
scanner Controller

Figure 14.- Atomic force microscope instrument description. The sample is measured by the tip interacting with
the surface of the sample. The substrate is placed on top of a scanner which is responsible to move the sample in
XYZ direction. The piezo receives a feedback signal from the controller with in turns receives a signal from the
photodiode. This signal adjust the force/height of the sample to the cantilever and simultaneously is plotted in
the PC via a dedicated program.

Atomic force microscopy is a technique used today as one of the most common type of
scanning microscopy used for imaging biomaterials [263]. It measures the interaction
force between the tip and the surface. The tip may be moved contacting the surface
permanently, or it may vibrate perpendicular to the substrate just “tipping” to the surface
during the scan. The interaction force will depend on the nature of the sample, the probe
tip and the distance between them. In this dissertation, the AFM is the preferred method

for characterization of the surface. It is the most accurate method to assess the correct
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TMV-like particle formation on the surface after the complete procedure has been made
with respect to spatial resolution combined with height information. Therefore, a deeper
explanation on how it works and the parameters used for the majority of the imaging will
be carried out. The concept of resolution in this technique is different from light based
microscopy techniques because AFM is a three dimensional, mechanical imaging
technique. Spatial resolution is defined as the smallest distance between two adjacent
points which can be distinguished as separated points. There is a clearly important
distinction between images resolved by wave optics and scanning probe techniques. The
first are limited by diffraction, and the second ones are limited by the geometry of the tip
and the sample as well as by the mechanical properties of the whole setup. The technique
is based on a silicon cantilever with a sharp tip at its end, sensing the surface by
measuring the interaction between the attractive or repulsive forces between them both.
The radius of curvature may vary between the 5 nm and 10 nm for the tips used. When
the cantilever is brought into proximity of any sample surface, forces between the tip and
the sample will deflect the cantilever according to Hooke’s law. Depending on the case,
the forces measured can be classified into long and short range interactions. Normally, the
potential energy between the tip and sample Vi causes a z component of the tip-sample

force Fi;, whereby k;, is the cantilever spring constant.

Ftsz 'dV[s/ dZ (1)
k= -dF/dz. (2)

Depending on the mode of operation the AFM uses Fs or some entity derived from Fi as
the imaging signal [264]. Under ambient air conditions, most surfaces are covered by a
layer of adsorbed gases (condensed water and other contaminants) which is typically
several nanometers thick. When the scanning tip touches this layer, two different
atttractive forces occur which are oriented downward and influence the force between the
AFM tip and the substrate. One is the capillary action which causes the formation of a
meniscus and then the surface tension pulls the cantilever down into the layer. The second
force is due to coulomb interactions based on trapped electrostatic charges on the tip and
on the sample. These downward oriented forces increase the overall force on the sample
and, when combined with lateral shear forces caused by the scanning motion, can distort
measurement data and cause severe damage to the sample, including movement or tearing

off surface features .
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Two operating modes were used in this dissertation for the AFM characterization with
different results. In contact mode the tip scans in the repulsive force regime with forces
between 0.01 to 1.0 N/m in air and the cantilever is deflected by the interactions between
the tip and the surface. This mode can be used for metal or hard polymers which are not
damaged at all [265]. However, the cantilever exerts lateral shear force and the scanning
motion may affect soft materials, distorting measurement data and causing some damage
to the sample [266]. Therefore, as a second mode for AFM investigation the intermittent
contact mode also called alternate current mode (AC-mode), as the cantilever is vibrated
near its resonance frequency, and lightly taps the sample with an amplitude typically
between 20 — 100 nm. This mode has the advantage that as there are no lateral friction
forces applied to the surface there is no destruction or damage on the material. This mode
works well with hydrophobic polymers in this case PDMS. Inside this AFM intermittent
contact mode, the phase image mode can be used also to map the composition of a
sample. The differences in materials drive a phase difference between the oscillations of
the piezoelectric corresponding to each material interacting with the tip. This imaging
mode can reveal fine structures that are concealed by a rough surface topography.
Nonetheless the hardness and elasticity, adhesion or charge may affect the phase images

obtained. Therefore it is used mostly to distinguish between two types of materials.

Microscopy Procedure Details.

Atomic force microscopy is the most appropriate technique to evaluate the final results on
this dissertation taking into account the final biofunctionality approach by assembly the
TMV-like particles on the surface. This technique provides sufficient lateral/spatial
resolution when measuring the virus rods and other nanostructures.

The microscopes used in this dissertation are:

1) A commercially available MFP-3D Bio AFM (Figure 15a) from Asylum Research.
This features an inverted optical microscope with fluorescence capabilities. It uses a
closed loop sensor to move the probes along the three axes both in air as in liquid. The
modes of operation used were: (i) AC mode (alternating current mode: generic name for
an oscillatory probe technique of which intermittent contact mode is a subset. An AC-like
signal is used to drive the piezoelectric actuator to produce a non—DC response of the
cantilever to the drive signal (under the repulsive regime [267]) and (ii) contact mode
(also known as quasi-static mode AFM, where interatomic van der Waals forces become

repulsive as the AFM tip comes in close contact with the sample force).
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2) A commercially available Digital Instruments Multimode AFM (Figure 15b). This
AFM use the intermittent contact mode (Tapping ®) of operation which provides good
spatial resolution on the TMV measurements. However sample size is limited to

approximately 1 square centimeter and samples must be low profile.

b)
a)
AFM Head \ Laser /
Photodiode
knobs
Objective/Condenser Scanner

AFM Head

Scanner

Figure 15.- a) MFP-3D Bio AFM from Assylum Research. b) Digital Instruments Multimode AFM (Images
courtesy of Assylum Research and Bruker Nano Surfaces Division respectively)

The cantilevers were bought from Mikromasch (Germany) in different schemes. They
are made from silicon (phosphorus doped) n-type with a typical probe tip radius of 10 nm
and a full tip cone angle of 40°. The total tip height accounts for 20 to 25 pm according to
the manufacturer. There were two types of cantilevers used: single lever probe and a
three-lever probe. The probes showed different resonant frequencies and spring constants
(see Table 3), but all of them were intended to be used with soft and medium soft samples

in intermittent contact mode.

Table 3.- Cantilevers frequencies and spring contants used for the characterization of surfaces and particles.

Resonant Frequency (kHz) Spring Constant (N/m)
Cantilever A B C A B C
NSC-18 75 3.5
NSC-35 210 315 150 7.5 14 4.5
NSC-36 105 155 75 0.95 1.75 0.6
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3.2.2 X-ray Photospectroscopy

The photo emission process is based on the photoelectric effect discovered by Heinrich
Herzt and was applied in the mid 1960’s by Kai Siegbahn to develop further the technical
equipment in order to record the first high-energy- resolution X-ray photospectroscopy
spectra.

X-ray photospectroscopy (XPS) is a surface characterization technique used for chemical
assessment. Photons of a specific energy are used to excite the electronic states of atoms
on the surface of the sample. The material is irradiated with a beam of X-rays, which
excites the electrons on the upper 10-100 nm of the sample. The interaction between an
X-ray photon and the core level electron of an atom causes a complete transfer of the
photon energy to the electron (see Figure 16). Then the electron has enough energy to
escape from the surface of the sample. These electrons are collected and their kinetic
energy distribution is determined. Since their energies are quantized, the resulting spectra
exhibit bands whose energetic position is characteristic for the corresponding chemical
elements present at the surface [268, 269]. Additionally the chemical environment of the
atom results in a defined band peak shift which gives a precise idea about the binding
state of an atom (e.g. single, double, triple bond), the neighboring elements and the
oxidation state of the atom [270-272]. The kinetic energy distribution of the emitted
photoelectrons Ei for an electrically conductive solid can be calculated by:

Ex =hv — ¢ — Ep (3)

34 J.

where £ is Planck constant (6.62 x10™" J.s), v is frequency of the radiation in Hz and ¢y,

is the work function of the spectrometer where the kinetic energy of electrons is
measured [273]. Eg is the electron binding energy representing the difference in energy

between the ionized and neutral atoms.

X-ray Figure 16.- Diagram explanation

of XPS principle. When surfaces

X-ray photons photonelectrons are irradiated with soft X-rays the

hV emitted photoelectrons with a

determined energy are analyzed.

The interaction between an X-ray

photon and the core level electron

Vacuum of an atom causes a complete

transfer of the photon energy to

the electron which has now enough

energy to escape from the surface

of the sample. The difference

between the X-ray energy and the

photoelectron energies gives the

1s 2s 2p 3s 3p 3d binding energies (BEs) of the core
level electrons.
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In case of conducting samples, the electron energies can be referenced to the Fermi level
of the element, giving the possibility to create an absolute energy scale aiding in the
identification process of different species. However for non-conductive samples (such as
PDMS and other polymers) the problem of energy calibration is significant. Electrons
leaving the sample surface cause a potential difference resulting in a retarding effect
acting on the electrons to be measured. This can account for shifted peaks in energy by as
much as 150 eV. XPS is a quantitative technique in the sense that the number of electrons
recorded is proportional to the number of atoms at the surface. In practice however, to
produce accurate atomic concentrations from XPS spectra is not straightforward. The
precision of the intensities measured by XPS is doubtless as the repeatability on similar
samples giving good precision. What might me doubtful are the results reporting to be
atomic concentrations for the elements at the surface. In this sense, for quantification
based on standard relative sensitivity factors, precision is achieved and not accuracy.
Therefore, a quantitative atomic percentage analysis of the surface is not possible for the
samples tested in this work. Since in the dissertation, the samples were treated and
changed chemically, monitoring the changes in the binding energies from the atoms

provides the precision of XPS as a very powerful technique for qualitative analysis.

Basic quantification procedure

XPS counts the electrons of a certain energy coming from the sample surface when they
are emitted by X-rays. The spectrum representing the amount of electrons hitting the
detector  plotted versus a sequence of energies includes also contributions from a
background signal and resonance peaks.

The spectra are quantified primarily in terms of peak intensities (area below the signal)
and peak positions. The area below the curve (counts p/second) measures how much of
the element is at the surface, while the positions indicate which element in which
environment is present. Other values, such as the full width at half maximum (FWHM) is
a useful indicator for the changes of chemical state of the element or physical influences.
The assumption when quantifying spectra is that the number of electrons recorded is
proportional to the number of atoms in a given state; therefore, an atomic percentage is
very commonly used for quantification. The intensity of an XPS peak (I4) strongly
depends on: a) the incoming photon flux, b) the concentration of the element on the
surface, c) the ionization cross-section (excitation-energy dependent), d) the mean free

path of the emitted photoelectron and e) further instrumental parameters (detection

3-21



Carlos Azucena

efficiency). Figure 17 illustrates an example XPS spectrum measured from an
ITC-silanized sample on a silica wafer sample done in this dissertation. The inset tile
within Figure 17 shows the range of energies associated with the bands typical for C 1s
photo electrons. It can be shown by peak model fitting that the spectrum describes three
different carbons, labeled with scan A (C-C), scan B (C-O, C-N) and scan C (-N=C=S)
which have different chemical environments. The degree of correlation between the peaks

in the model influences the accuracy of the peak area computation.

Survey

298 297 296 295 254 293 292 291 250 259 288 287 206 285 284 233 282 231 280
Encing Energy (eV)

- f’l/
t t t 1 t t 1 t t t t +— t t t t t t t t t t t t t T
1300 1200 1100 1000 900 800 700 600 500 400 300 200 100 0

Binding Energy (eV)

Figure 17.- An example of a typical XPS survey spectrum taken from a ITC silanized sample. inset tile
shows the range of energies associated with the bands typical for C 1s photo electrons: scan A (C-C), scan
B (C-O, C-N) and scan C (-N=C=S) respectively.

X-ray photon spectroscopy (XPS) measurements were performed using a K-Alpha XPS
spectrometer (ThermoFisher Scientific, East Grinstead, UK). Data acquisition and
processing using the Thermo Advantage software is described elsewhere [274]. All thin
films were analyzed using a microfocused, monochromated Al Ka X-ray source (400 pm
spot size). The kinetic energy of the electrons was measured by a 180° hemispherical
energy analyzer operated in the constant analyzer energy mode (CAE) at 50 eV pass
energy for elemental spectra. The K-Alpha charge compensation system was employed
during analysis, using electrons of 8 eV energy, and low-energy argon ions to prevent any
localized charge build-up. The spectra were fitted with one or more Voigt profiles (BE

uncertainty: +0.2eV) and Scofield sensitivity factors were applied for quantification
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[275]. All spectra were referenced to the Cls peak of hydrocarbon at 285.0 eV binding
energy controlled by means of the well-known photoelectron peaks of metallic Cu, Ag,

and Au, respectively.

3.2.3 Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a technique which is used to detect the
molecular vibrations excited by infrared radiation at a specific wavelength For a molecule
to absorb IR, the vibrations or rotations within a molecule must cause a net change in the
dipole moment of the molecule [276].

The infrared region (10-14000 cm™) of the electromagnetic spectrum is divided into three
regions: the near-, mid- and far- infrared. The mid-IR (400-4000 cm'l) is the most
common used region for analysis as all molecules possess characteristic absorbance
frequencies and primary molecular vibrations in this region [277]. As the beam is passed
through a sample, specific wavelengths are absorbed causing the chemical bonds in the
material to undergo vibrations such as stretching, and bending. Functional groups present
in a molecule tend to absorb IR radiation in a characteristic wavenumber range regardless
of other structures in the molecule, and spectral peaks are derived from the absorption of
those wavelengths which are responsible for the excitation of the corresponding bond
vibration in the molecules. For instance the C=0 stretch of a carbonyl group occurs at
~1700 cm™ and small shifts of the bands can be detected depending whether this group is
implemented e.g. in ketones, aldehydes and carboxylic acids.

An IR spectrum is measured by calculating the intensity of the IR radiation before and
after it passes through a sample and the spectrum is plotted with Y-axis units as
absorbance or transmittance and the X- axis as wavenumber units. For quantitative
purposes it is necessary to plot the spectrum in absorbance units.

FT-IR absorbance spectra follow Beer‘s law, which relates concentration to absorbance as

in Eq. 4
A/1=l€/1C 4)

Where A ;= Absorbance, [ = path length, £; = absorptivity and ¢= concentration

The transmittance is not directly proportional to the concentration and is defined by:

T=15 (5)

Iy
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Where I;= intensity of IR beam after passing through the sample and I, = the intensity of
IR beam before passing through the sample, T= transmittance.

Infrared spectroscopy (IR) is a useful technique to analyze which molecules, and
eventually determine at which concentrations are present in a sample. This can be done in
solid, on a surface, in gas and liquid. The accessibility, speed and reliability of the results,
give the infrared spectroscopy an advantage over other spectroscopic techniques [278]. A
general scheme of an FT-IR spectrometer is shown in Figure 18. An interference pattern
is produced by splitting a beam of light into two paths, bouncing the beams back and
recombining them. The different paths may be of different lengths or be composed of
different materials to create interference fringes on a back detector. This configuration
was first developed by Abraham Michelson and is still one of the most common optical
interferometers in use. The moving mirror in the interferometer scans forward and
backward in a rapid and continuous way. During the mirror scan, the path length of the IR
beam from the beam splitter to the moving mirror changes relative to the path length of
the IR beam to the fixed mirror. This path traversal difference for the light beams in the
two arms of the interferometer is known as optical path difference (OPD) or optical
retardation. When the two parts of the IR beam recombine on the other side of the beam
splitter and form an image at the detector the intensity of the composite beam is an
interference pattern depending very strongly upon the optical path difference (See Figure
18). The plot of this intensity variation as a function of optical retardation i.e. the intensity

registered at the detector as a function of moving mirror position is known as an

interferogram.

Detector
Figure 18.- Michelson interferometer
scheme as part of FTIR spectrometer.
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First a background spectrum is measured just with the clean support substrate (clean

wafer or clean KBr pellet). Then the molecule is placed on the substrate and its single
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channel is measured and divided by the background. This results in the absorption bands
which belong only to the molecule under investigation. [277, 279-282]

In this work for the characterization of the functional groups in solution as well as on a
surface a rapid scan FT-IR spectrometer Tensor 27 (Bruker, Germany) is used. The HeNe
laser interferogram is monitored by the FTIR spectrometer at any mirror position during
the course of the scan, yielding a plot of intensity versus frequency. This interferogram
and the sample interferogram are then Fourier transformed to yield a spectrum of
frequency dependent intensity. As this instrument is a single beam spectrometer, a
background spectrum should be run first. Normally it is done with the same KBr pellet
which will serve afterwards as the support for the substance. The procedure to measure
the different liquids in a reproducible way is to place a drop (5ul) of the substance
(silanes, ethylchloroformate, solvents, etc.) on its own KBr pellet followed by the
recording of the spectra. Then this spectrum is divided by the background and
consequently an absorbance spectrum is obtained.

To prove the success of the Kaluza reaction for ITC-silane synthesis, IR spectroscopy was
carried out. For that purpose, absorption spectra were recorded in the mid-infrared
spectral region monitoring the change in vibrational frequency on the NCS stretch at 2100
cm’ showing a very strong but broad band. Spectra in this region were recorded using a
FT-IR spectrometer Tensor 27 from Bruker Optics (Germany). IR spectra were recorded
in the frequency range of 400-4000 cm™, which covers the absorption range of gaseous
H,0 and CO,. The IR radiation source is a Globar'™ emitter and the standard IR detector is
at room temperature a DTGS (deuterated tri-glycine sulfate) detector. Also for the majority
of the experiments potassium bromide (KBr) was chosen for the matrix sample, as it has
an increased infrared transparency (ranging from 7500 to 370 cm™. However, it is highly
hygroscopic so measures were taken to ensure the system was not exposed to atmospheric
water.

The parameters used in the experiments are shown in the table below:

Table 4.- FTIR Instrumental parameters used in measurements.

Technical Parameters Value

Laser Wavenumber 15799.4 cm™
Instrument Type TENSOR 27
Aperture Setting 6 mm

Result Spectrum Absorbance
Resolution 4 cm’
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3.2.4 Fourier Transform Raman Spectroscopy

Raman spectroscopy is quite similar to FTIR except Raman can detect vibrational modes
corresponding to symmetric stretches that do not cause a change of the dipole moment.
Infrared and Raman spectroscopy are used as complementary techniques, because each
method looks at different aspects of a given sample. IR-spectroscopy is a method which is
sensitive to functional groups and to highly polar bonds and where the absorbed light is
measured after a light spectrum passes the sample or is reflected on the sample surface. In
contrast to IR, Raman spectroscopy is more sensitive to backbone structures and
symmetric bonds, whereby the sample is irradiated with monochromatic laser light and
the spectrum of the scattered light is detected. Using both techniques provides more
detailed information about the vibrational structure than can be obtained by using either
alone [283].There are two types of scattering: elastic (Rayleigh) and inelastic (Raman).
The latter occurs when there is an exchange of energy between the incident photon and
the molecule [279, 284]. If the molecule gains energy after the irradiation, the transition is
referred to as Stokes transitions; if the molecule loses energy, the transition is referred to
as anti-Stokes transitions. As shown in the following simplified diagram in Figure 19, a
molecule at rest, resides in the ground vibrational and electronic states. The electric field
of the laser beam raises the energy of the system for an instant by inducing a vibration in
the molecule [285, 286]. The excited state is named a “virtual” state. Relaxation from the
virtual state occurs almost instantaneously and is mainly back to the initial ground state.
This results in the Rayleigh scattered photon, which has the same wavelength as the
exciting one. Relaxation towards the first excited vibrational state of the molecule results
in a Stokes-Raman shift [283] and the scattered light is of longer wavelength (lower
energy) than that from the laser light. In addition, most systems have also at least a small
population of molecules that are initially in an excited vibrational state. When the process
initiates from this excited level, relaxation to the ground state is possible, producing
scattered light whose energy is higher (has shorter wavelength) than that of the incoming
laser. This process is called anti-Stokes Raman scattering [283]. The different scattering

processes are summarized schematically in Figure 21.
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Figure 19.- Simplified energy level diagram of the different scattering processes. The wavelength difference
between the excitation light (A.) and the scattered one (A,) is related to Raman shift AV given in wavenumbers
according to AV= 1/A. + 1/A,. If the difference is 0 Rayleigh-scattering occurs.

For the experiments described within this work a Fourier transform (FT)-Raman
spectrometer was used. The basic set-up of an FT Raman spectrometer is shown in Figure
20. The detector is usually placed perpendicular to the direction of the incident radiation
so as to observe only the scattered light. The setup of the instrument is very similar to that
of the FTIR, but instead of the beam to pass through the sample after the interferometer, it
does so before it in order to collect the scattered light from the sample through the
interferometer. Also a laser source is used instead of an IR source, as the intensity of the
Raman scattering is proportional to 1/A, so short excitation laser wavelengths deliver a
much stronger Raman signal. In our experiments, a RAM II FT-Raman Module was used.
It is an add-on module coupled to a Bruker’s vertex 80. The instrument parameters are

shown in the following table.

3-27



Carlos Azucena

Table 5.- FT-Raman spectrometer instrumental parameters used in measurements

Technical Parameters ‘ Value ‘
Laser Wavenumber 15799.4 cm™

Instrument Type Vertex 80

Aperture Setting 6 mm

Detector LN, Germanium

Result Spectrum Raman scattering

Resolution 4 cm*

CPU

source Beam
Splitter

Sample
P Filter/Optics

50% beam
Fixed

mirror

50% beam

Moving '

Figure 20.- Michelson interferometer scheme as part of FT-Raman spectrometer. In contrast to IR
spectroscopy — first the sample is irradiated by the laser light and it is the scattered light which is coupled into
the Micholsen interferometer. This guarantee the colection of the scattered light through the optics/filter and
further on the interferometer. The interferogram is then processed to yield an absorbance spectrum at the
computer.

3.2.5 Contact Angle

Contact angle is a useful technique to provide firsthand information if the
functionalization of the surface has been performed or not, by measuring the spreading of
a drop on the surface. The contact angle results from the interaction between different
surface and interface tensions (surface free energies) usually between liquid, solid and
surrounded by a gas. It is measured according to the Young’s equation shown in Figure
21 [287]. The technique is very useful to evaluate the surface energy of a solid substrate,
in this dissertation mostly a silicon oxide layer on top of a silicon wafer or glass. Polar

solid materials like glass, silica and metals, have large surface free energies and water
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droplets should form small contact angles [288, 289]. On the other hand when the solid
surface is contaminated with organics or other impurities the angle will increase. Some
special operations or procedures are not necessary for the preparation. The contact angle
machine is a self-built device using an optical commercially available system with a back
light camera, a computer with a dedicated software routine to calculate the angle from the
picture taken and a precision needle which delivers the same amount of liquid every time.
Physical properties of different interactions between solid and liquid like wettability,
affinity, adhesiveness and repellency can be studied [290, 291]. Small contact angles
normally mean a better wettability and adhesiveness and a larger free surface energy and
vice versa. In our case we use a static drop method which measures the angle after a
predefined time on the surface to allow some spreading of the drop while it is been placed
on top [291-294].

If a droplet changes its contact angle with time due to any property of the surface even
after it has been completely deposited and the needle removed (as in case of polymers or
porous materials) then the static drop method might lead to some errors over time. The
drop movement on top of a porous layer is caused by an interaction of two processes: 1)
the spreading of the drop over already saturated (filled with liquid) parts of the porous
layer, which results in the growth of the drop base and ii) the embedment of the liquid
from the drop into the porous substrate, which results in a reduction of the drop base and
an expansion of the wetted region inside the porous layer [295]. Due to the fact that
silanes, if they are over polymerized they will create a polymeric porous network (PN)

[111, 296] care has to be taken when interpreting the contact angle measurements.

Ys= Y. COSO + Y5, [Young’s Equation] (6)

Ys= Solid surface free energy

Hayid dropi Y= Liquid surface free energy

Y= Solid/Liquid interfacial free
energy

0 = Contact angle

Figure 21.- Contact angle scheme showing Young's equation.
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4 .- Results and Discussion

4.1 Aldehyde-based Silanization and Immobilization of
DNA-linker.

Aldehyde reacts reversibly with amines to form Schiff’s base (imine group). In order to
obtain sustainable immobilization, imine groups must be reduced into stable secondary
amines e.g. by borohydrides treatment. The stabilization deactivates residual unreacted
aldehyde groups into alcohol groups that do not cause nonspecific adsorption. Aldehydes
are moisture sensitive and are easily oxidized into carboxylic acids [297]. The
functionalization of solid supports by aldehyde reactive groups is classically done by
three procedures: i) oxidation of alcohol functions [297], ii) oxidation of olefinic groups
[298] and iii) modification of aminated surface by glutaraldehyde [299, 300]. In this
dissertation the latter method is used for the amino silane conversion into aldehyde
functionality. Glutaraldehyde (GA) is an organic compound with the formula
CH,(CH,CHO), and used commonly as a fixation or ligation agent towards proteins or as
an amine-reactive homobifunctional crosslinker. Glutaraldehyde was used for the first
time at the beginning of the 1960’s for tissues fixation, and since it has been developed
for many other applications. The high reactivity of glutaraldehyde toward proteins at
around neutral pH is based on the presence of several reactive residues in proteins and
different molecular forms of glutaraldehyde in solution, producing a variety of reaction
mechanisms. GA can react with several functional groups belonging to the proteins, such
as amines, thiols, phenols and imidazoles[301] because the most reactive aminoacid side-
chains are nucleophiles. Various data on the reactivity (at pH from 2.0 to 11.0) with the
following amino acids have been reported in literature already: lysine[302], tyrosine,
tryptophane, and phenyl alanine [303], histidine, cysteine, proline, serine, glycine,
glycylglycine and arginine[304]. This is important as these authors ranked the ability of
different aldehydes to react with aminoacids in this decreasing order: £€-amino, a-amino,
guanidinyl, secondary amino, and hydroxyl groups.

For the specific aldehyde functionalization of oxidic surfaces, a common procedure is
followed. First the oxidic surface is cleaned and subsequently amino silanized. The amine
functionalized surface is then reacted with glutaraldehyde, generating a Schiff base

functional aldehyde intermediate. This intermediate is then further reacted with the amino
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groups of the DNA-oligonucleotid, generating a bis-Schiff base functional structure. This
adduct is very hydrolytically labile, and often must be reduced with sodium
cyanoborohydride to generate hydrolytically stable amines. As in this work the use of
DNA and further RNA for biofunctionalization is within the main focus, the unspecific
interaction with this various groups makes the approach with the aldehyde relatively
difficult. The glutaraldehyde additionally reacts reversibly with amino groups over a pH
range (>pH 3.0), except between pH 7.0 and 9.0 where only little reversibility is
observed [305]. Kawahara et al. [306] reported that most of the studies which accounted
for the different polymerization stages of glutaraldehyde neglected possible solvent
effects on the glutaraldehyde structure. In fact, water is the medium in which commercial
glutaraldehyde is supplied and in which the crosslinking reaction with proteins is carried
out, and glutaraldehyde was found to react with this solvent in various ways. Accordingly
to their studies, they found that in a dilute solution (1 to 10% v/v) and in the range of pH
3-8, the glutaraldehyde is almost monomeric, predominantly in cyclic hemiacetal form
[306]. In summary, several studies [301, 307-314] have shown that commercially
available glutaraldehyde represents multicomponent mixtures, but knowing which of
these components is the most efficient for reactions with proteins is debatable. In fact, in
aqueous solution, glutaraldehyde can exist in its simplest form, a monomeric dialdehyde,
but also as a dimer, trimer, and polymer. Therefore, the effectiveness of glutaraldehyde
immobilization and the controversies surrounding its chemical behavior could be
rationalized with the multiplicity of structures, which depends on the solution conditions.
Figure 22 shows two different reaction paths of (polymeric) glutaraldehyde resulting in
the formation of a Schiff base (path 1) or — according to the Michael-type reaction - a

secondary amine (path 2).
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Figure 22.- a) Schiff base (1) and Michael-type (2) reactions of glutaraldehyde (partially polymerized) with
amino silane. b) idealized reaction on the surface.

4-2



Novel Chemical Approach for the Site Selective Generation of Complex Self-Assembled Virus Derivatives

The aldehyde biofunctionality was performed by transforming an already silanized
sample with 3-aminopropyl trimethoxysilane into an aldehyde group. This reaction takes
place when samples are incubated in glutaraldehyde solution in water (1% v/v) at room
temperature for 40 minutes and then dried under a nitrogen stream.

Suitable surfaces were generated by coating Si-wafers with aminopropyltriethoxysilane,
the amino functions of which were reacted with glutardialdehyde [137]. In this sense, as
the previously discussed topic on the multiple mechanisms and conformations that the
glutaraldehyde can take, AFM, fluorescence essays and XPS measurements were
performed on an aminosilanized substrate and after the treatment with the GA.

An idealized process of the preparation of the surface and reactions mechanisms are

explained in
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Figure 23.- Mechanism of aldehyde functionalization of surfaces. The pathways follows the same reaction
mechanism as the silanes but in addition a final incubation in glutaraldehyde is performed. the final product is

a idealized monolayer formation which leaves the aldehyde groups also free to further covalent attachement of
another molecule carrying an amino functionality.
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4.1.1 Characterization of Physical and Chemical Properties of Aldehyde-
terminated Surfaces.

In this section different characterization techniques of amino-terminated samples after
silanization and further reaction with GA are described and discussed. The sample
preparation and characterization has been carried out in the following way: silica wafers
and glass slides were cleaned, amino silanized and aldehyde incubated. AFM was used to
characterize the influence of the chemical treatment on the morphology and roughness of
the functionalized substrate. As the native roughness of the glass might influence the
results, silica wafers with a roughness of less than 0.5 nm over a 25 pm? area were used
as substrates. As XPS was used to investigate the elementary composition of the surface,
silica wafers were used as substrate material, because in this case Si or SiO; will be the
only material which will be detected as a background, while in the case of glass a huge
number of other elements will be detected additionally. For the investigation of the
influence of the aldehyde coupling on amino-terminated oxidic surfaces on the wettability
and reactivity, amino-functionalized glass slides before and after the incubation in the
aldehyde solution were characterized by contact angle and fluorescence microscopy,
respectively. In all the cases, the same sample was used for the evaluation of every step to
avoid any further experimental error to be added to the measurements.

The goal is to provide a chemical functionality on an oxidic substrate which can react
with functional groups of biomolecules, such as peptides, oligonucleotides or DNA

fragments.

41.1.1 Morphology and Roughness

As there are no visually noticeable changes in the surface once the silanization and further
incubation of the sample in glutaraldehyde are performed, AFM morphology
investigations were carried out. The results are summarized in Table 5 and Figure 24.

Changes in surface roughness monitored by the AFM can be correlated to the chemical
changes of the sample surface. An increase in surface roughness appears when going
from a completely clean (Figure 24a) to a glutaraldehyde functionalized surface (Figure
24c¢). The corresponding AFM images show no visible features after the amino silanization
step (Figure 24b), but the surface root mean square roughness results obtained from the AFM

images during this period reveal a small roughness increase, indicating that the surface
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morphology was changed. The values of roughness after the aldehyde coupling change
significantly compared to that of the amino functionalized surface (Table 6). Possible
explanations are: the water incubation promotes silane motility and further molecules are
condensed on the surface. Furthermore it could be attributed to the polymerization reactions

taking place in an aqueous solution due to the glutaraldehyde [303].

Table 6.- Roughness data for the clean and after aldehyde silanization substrates.

Roughness Data Clean Amino silanized  Aldehyde incubated
Parameter Full Image Values Full Image Values Full Image Values
RMS: 228 pm 423 pm 3.02 nm

Average Deviation: 177 pm 94 pm 376 pm

Sample roughness monitored by the AFM appears to follow qualitatively the chemical

changes, reasonably well for the stepwise reaction.

0 & 10 15 20 250 5 10 15 20 2:0 5 10 15 20

Figure 24.- AFM topography (upper row) and phase (lower row) images from a) clean wafer, b) amino
functionalized wafer and c) aldehyde coupled wafer. Phase images from d) clean, e)amino and f) aldehyde
functionalized substrastes are shown.
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414.2 Wettability

The wettability of each functionalized surface was determined by contact angle
measurement at the same sample before and after coupling of the aldehyde. A lower
water contact angle indicates a more hydrophilic and polar material surface. The contact
angle was calculated by averaging the contact angles of three drops positioned along the
longitudinal axis, whereby the drops were placed side by side as shown in the sketch of
Figure 25. The measured value is plotted as a function of the drop position along the slide
(as shown in Figure 25). These measurements can be considered also as an indirect
measurement of the homogeneity of the coating.

The average contact angle measured over the aminosilanized substrate was 62 + 6°. The
uncertainty of the values has been calculated taking into account the instrumental error of
the device. After the coupling of aldehyde to the amino-terminated surface, the final

contact angle measured was 68 + 7°.

Contact Angle measurements on Glass slides
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Figure 25.- Contact angle measurements on a set of amino/aldehyde silanized slides. The measurements were
done on the same slides before and after each step (aminosilanization and further aldehyde conversion). The
dots represent the position of the drop for the assessment.

In literature values of 54+0.5 ° are mentioned for amino silanized glass used in DNA
microarray essays [315]. In the same study, the silanized glass was converted using the
same technique (via glutaraldehyde coupling) into an aldehyde terminated substrate and

again, the contact angle measured after the transformation is 50.5+2 ° [315]. In our case,
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the small increase in the contact angle from the aldehyde silane (from 62+6° to 68+7°),
might be due to polymerization reactions of both the silane and the glutaraldehyde, which

was explained in the section before [303, 316].

41.1.3 Elementary Composition

The elementary characterization of the sample surface is performed using X-ray
photoelectron spectroscopy (i) before and after the amino silanization and (ii) after the
coupling of the glutaraldehyde to the amino-terminated substrate to prove the success of
the corresponding surface reaction. The measurements on the clean silicon wafer showed
no carbon and no nitrogen. After the silanization a sharp increase in the carbon signal and
a mild increase in the nitrogen signal could be observed (this can be seen in the survey
spectra on Figure 26). The spectra have been normalized and referenced to the 285.0 eV
binding energy of C 1s spectrum of the amino functionalized substrate. It can be seen the
clean substrate shows no traces of carbon or nitrogen, thus allowing the proper evaluation

of the sample after each step.

XPS survey of aldehyde-amine-clean substrate

’ N 15..(400.0) C 1s (285.0)

Aldehyde functionalized substrate

Arbitrary Units

Amino functionalized substrate

’//J\ Clean substrate

1100 1050 1000 950 900 850 800 750 700 650 600 550 500 450 400 350 300 250 200 150 100 50 O
Binding Energy (eV)

Figure 26.- XPS survey spectra from the sample in three stages (clean, amino functionalized and finally aldehyde
functionalized). The sample was the same along the process on the same sample.
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Carbon 1s scans showed mainly three energies accordingly to the fitted curves. This
curves can be assigned to the carbons of a C-C ( ~285 eV), of a O=C-O (~289.5 eV) and
of a -C-N bond (~288 eV). As shown in Table 7, a very small increase in the carbon
content is observed after the glutaraldehyde reaction. This can be the result of a less
effective and incomplete reaction of the amino groups of the substrate surface with the
GA or due to a reversible reaction of the Schiff base back to the educts (see Figure 27).
As it was discussed previously, the glutaraldehyde can produce reversible reactions
whenever the pH is above pH 3.0. In this case, the reversibility would be responsible for a
shift of the relative position of the N 1s peaks along the energy scale due to different
electronic stages of the nitrogen in the amine and the Schiff base. Based on the literature
published we assume that the conversion into the Schiff base is very likely to happen.
When the aldehyde coupling was performed, the peaks showed a very small widening in
the area below the spectra. This might be due to the change in the electronic environment
of the carbon 1s and nitrogen 1s. As the spectrum for oxygen 1s measured could also be a
combination from the oxygen belonging to the substrate and the oxygen belonging to the
silane, any change will not be considered. Even if there would be a complete monolayer
formation which accounts for only a few nanometers, the XPS is able to measure up to 10
nm through the substrate’s surface and it is possible that this oxygen peaks are mostly due
to the silicon oxide substrate.

In Table 7 the values from the XPS examination are presented. It is noticeable in this
sense the proportional increase of the areas due to the widening of the peaks. While the
signal remains mostly in the same position, a proportional change in N 1s (deconvoluted
areas) also as it can be seen in the Figure 27c-d, shows the change in the electronic

binding energy from the nitrogen oxidized (402.4).

Table 7.- XPS results on a aminofunctionalized silica wafer and on a parallel sample which underwent on the
Glutaraldehyde coupling (-CHO). The peak evaluation has been performed refered to the Carbon 1s at 285.0 eV.

Peak BE (eV) Area (N)

-NH, -CHO
C1sScan A 285.0 285.0 156479 | 24672
C1sScanB 286.2 286.5 15235 4107
C1sScanC 287.8 288.1 1186 1537

N 1s Scan A 400.0 400.1 26985 13965
N 1s Scan B 402.4 401.7 5385 9130

0 1s Scan 533.2 533.1 304403 | 323670
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In the Figure 27, Carbon ls and Nitrogen 1s spectra of the aldehyde converted amino
silane are shown. The appearance of a second species in the nitrogen spectrum, with
energy level and intensity found similarly in both samples might indicate a relative
oxidation of the silane previous the glutaraldehyde coupling. The relatively proportional
increase in the second area peak from the nitrogen, points toward a more oxidative state
than before, which might be due to the glutaraldehyde coupling. It has to be pointed out
that the measurements are in no manner quantitative.

The shape of the fitted curves remained similar before and after aldehyde coupling and a
very small change in intensities could be picked up from the experiment. This might hint
toward a lower condensation and polymerization of the silane on the surface after the

glutaraldehyde reaction.

N 1s 4024

400.1

normailzed intensity [a.u]

b)

i
—
T
I
1
H

290 288 286 284 405 400 395 390
binding energy [eV] binding energy [eV]

Figure 27.- XPS spectra on amino (a and c) and subsequently aldehyde (b and d) functionalized silica

wafer. a) and b) belongs to carbon 1s binding energy while c¢) and d) belongs to nitrogen 1s binding

energy.
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41.1.4 Chemical Functionality

Aldehydes can undergo a variety of reactions leading towards many different products.
The most common reactions are nucleophilic addition reactions which lead in turn to the
formation of alcohols, alkenes, diols, cyanohydrins and imines to mention some
representative examples. Due to differences in electronegativities, the carbonyl group is
polarized [317]. The carbon atom has a partial positive charge, and the oxygen atom has a
partially negative charge. This makes the aldehyde more reactive toward nucleophilic
substitutions and as the hydrogen is attached also to the carbon, less steric hindrance
affects the reactions taking place. Ammonia and primary amines react with the carbonyl
group of the aldehydes to give an imine, often referred to as a Schiff base. The imines are
usually unstable unless the C=N group is part of an extended system of conjugation (e.g
rhodopsin) [318]. The mechanism follows four steps: i) an unshared pair of electrons on
the nitrogen of the primary amine is attracted to the partial-positive carbon of the
carbonyl group (R-CHO), ii) then a proton is transferred from the nitrogen to the oxygen,
iii) the hydroxyl group is protonated, which iv) easily liberates a water molecule and
finally a proton from the positively charged nitrogen is transferred to the water molecule,

leading to the imine formation [319].
1] 1 1
R’CH + HN-R —= R-CH=NR

This acid catalyzed process is explained in more detail in the following set of chemical

equations.
+H
O $OF OH e
I | . l HsO* l
R—C—H+H.N—R T—* R—C—H(R) +—— R—CIJ—H(R) —R —(IJ—H(R)-
NH, —R NHR :NHR
+
i) i) iii)
iv)

. R—C—H R—C—H + HO:
H,0: |« I
-«

N—H «— +N—-HR

N—R + |
N

In this section the functionality of the substrate before and after the aldehyde coupling is

R—C”)—H+H30"

tested using an amino terminated fluorescent oligonucleotide (DNA single strand). Here it

should be mentioned that “functionality” in this context means the relative amount of
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target molecules bound to a defined surface area. The substrates are prepared following
section 3.1.1.2 protocols for the silanization of glass slides and silica wafers. In this case,
the silanization takes place on glass slides as the fluorescence probe is more easily
readable using a conventional microarray scanner (GenePix 4000B, Molecular Devices,
Germany), able to resolve up to 5 um/pixel. The samples are manually spotted using
drops with 2 ul volume. The spotting solution is prepared using a DNA-fluorescent probe
diluted 1:10 in a tris-HCL-buffer (7.0 pH) and 1% di-isopropylethylamine (DIPEA). The
samples are spotted sequentially and incubated for 18 hours within a humid chamber to
avoid drying of the droplets.

Two samples are prepared simultaneously in the same solution containing NH; silane. In
addition two clean samples containing no functionality were used as control samples.

The evaluation of the fluorescence is done using the native software from the microarray
scanner (GenePix Pro 4.0). Ideally the DNA-linker will covalently react with the surface
within the specified time of incubation of 18 hours. This time is exactly the same for the
incubation using the other silanes. With this it can be assumed that the fluorescence
intensity, while maintaining the same conditions and the same procedures along the
different glass slides, will be in direct relationship with the amount of fluorescent
oligonucleotide covalently bounded on the surface. The spotting results showed that in
average an increased fluorescence was noticeable along the slide containing the aldehyde
modified head group silane compared to the amino-terminated substrate. Unfortunately
the immobilization of oligonucleotides around the spotted areas during the rinsing step
could not be avoided in case of the aldehyde terminated substrate due to the high affinity
of those molecules to the substrate (Figure 28, green labeled sample). Nevertheless, the
mean values for each row is taken and plotted along with the standard deviation (see
Figure 28). The rinsing is done with abundant water and without use of any other buffer
systems. After this rinsing, in the case of the aldehyde functionalized slide, the
fluorescence in the center of the contact areas of the drops is significantly lower than that
of the area around the center. This might be because of the instability of the newly formed
Schiff based, which can be hydrolyzed and break apart the imine bond of the DNA-
oligonucleotide. Further assessment of the reactivity of the surface will be performed
using biomolecules and bottom-up self-assembled viruses.

A very weak interaction could be found between the fluorescent probe and the non-
functionalized spotted surface. The values were considerably lower than those from the

amino terminated silane.
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Amino terminated substrates are also very useful for the non-covalent attachment of
oligonucleotides [320]. Aminosilane coated slides have a high concentration of primary
amino groups available at the surface. These groups become protonated and therefore
positively charged when placed in contact with a near-neutral, aqueous solution.
Negatively charged probe molecules, such as DNA, will initially form multiple ionic
interactions with the positively charged amino surface coating. In this case no additional
amino-modifications of the nucleic acids are required, After spotting, the probes are
covalently linked to the slide surface by either heating, or a brief exposure to ultraviolet

(UV) light [319, 321, 322].

Fluorescent Reactivity of Amino/Aldehyde silane functionalization with

35000 Amino-DNA-Fluorescent-linker
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Figure 28.- Fluorescent reactivity assessment of amino/aldehyde terminated glass slides using DNA-amino
terminated oligonucleotide as fluorophore binding molecule.
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4.1.2 Application of Aldehyde-Based Silane Chemistry for Bottom-Up
Assembly of Self-Assembled Tobacco Mosaic Virus.

4.1.2.1 Homogeneously Coated Oxidic Substrates

Silica wafers were set up for the initiation of RNA-guided viral nanotube self-assembly
process. Single stranded (ssDNA) linker molecules ("RNA-anchor") with 3'-terminal
amino modification were covalently bound to the aldehyde functionalized areas of the
wafers by condensation to Schiff bases (imines), the reaction conditions of which were
optimized in the system investigated here. 5'-phosphate residues of the DNA linkers
permitted subsequent enzymatic ligation of assembly-triggering single-stranded RNA
(ssRNA) strands via their 3'-terminal hydroxyl groups by T4 RNA ligase directly on the
Si-wafers. The ssRNA utilized contained the TMV OAs sequence and was derived from
in vitro transcription reactions with accordingly cloned and digested plasmid constructs.
Its size of 2884 nucleotides was expected to direct the self-assembly of TMV-like
nanotubes with a predicted maximum final length of 135 nm [7].

AFM examination was performed on flat surfaces to check if the functionalized substrates
were proper for the bottom-up self-assembly of the virus like particles. In Figure 29 it can
be seen that the self-assembly of the TMV derivatives are successful after the substrates
undergoes the whole preparation procedure according to chapter 3.

500
400

300

nm

200

100

nm

Figure 29.- AFM topographic images of TMYV like particles self-assembled via RNA ligation on the surface after
the whole process of surface functionalization was carried out.
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41.22 Chemically Patterned SAMs on Oxidic Substrates

In order to achieve spatially selective biotemplate growth, pre-structured surfaces
allowing site-specific binding of the DNA linkers were prepared. To this goal, Si wafers
were patterned by polymer blend lithography [323-325] prior to the chemical
functionalization. The technique is suitable to create chemical surface textures of highly
different dimensions and shapes. Parameters influencing the morphology of the resulting
patterns have been discussed elaborately [90, 326] and include the choice of solvents,
polymer concentration, substrate coating speed, and humidity of the atmosphere. Polymer
blend lithography can be used with almost any substrate sizes ranging from millimeters to
meters and thus makes up a method of choice also for the high-throughput production of
large-area array devices to be equipped with nanoscaled functions.

An alternative strategy toward patterned substrates selectively functionalized with
aldehyde, started with homogeneous wet-route amino silanization of cleaned Si wafer
pieces. The silanized surfaces were then patterned by coating a 1:1 (PS/PMMA) polymer
blend onto the aminopropyltriethoxysilane film (experimental conditions as before).
Treatment with cyclohexane for 10 min in an ultrasonic bath developed the desired
PMMA masks. The Si wafer pieces structured in such a manner were then immersed in a
1% glutardialdehyde solution in water for 30 min. Afterwards the ssDNA linkers were
coupled to the aldehyde terminus of the silanized surfaces followed by the ligation of
RNA scaffolds, and bottom-up self-assembly experiments.

AFM images of wafers subjected to the CP multimerization step revealed that indeed,
rod-like structures of homogeneous diameter had been assembled in the aldehyde-
functionalized areas of the homogeneous as well as of the pre-patterned wafers.
According to the AFM data the rod-shaped nanoscopic elements had the expected width,
after tip deconvolution, of approximately 20 nm. To ensure assembly competence of the
virus-derived building blocks applied to the solid substrates, also non-immobilized RNA
was incubated with coat protein in solution under conditions favoring nanotube growth in
all experiments. This demonstrates that a two-phase assembly of virus-like particles
(VLP) from TMV-derived building blocks is mechanistically and energetically possible,
with a guiding RNA's end linked to the solid substrate at predetermined sites of a solid-

liquid interface.
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The polymer-patterned substrates allowed for a control of spatial selectivity of TMV
assebly down to areas in the 100 nm range: TMV-like nanosticks were observed

exclusively in the non passivated "holes" (see Figure 30).
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Figure 30.- AFM topography images of different SiO, substrates which were prepared identically. All
substrates were structured by polymer blend lithography and utilized for bottom-up self-assembly of TMV-
like nanotubes. On the top: a,b) polymer blend with the Polystyrene removed and ready for assembly. On the
bottom: samples after the silanization, aldehyde reaction and further TMYV assembly. Inset a different region
of examination on same sample as the bottom.

To allow for direct comparisons, VLPs grown in solution with the same RNA template
(scaffolding 135 nm length upon complete encapsidation) were deposited on equally
prepared substrates and measured in parallel. For this controls, the substrate was prepared
as previously explained, however, no RNA was immobilized on the DNA-functionalized
areas, but preassembled VLPs were adsorbed, resulting in a non-specific adhesion all over
the substrate without spatial selectivity ( see Figure 31a). Further negative experiments
were done placing the preassembled virus in solution onto the structured substrate as if

they were used for bottom-up assembly (see Figure 31b).
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Figure 31.- AFM topography image of TMV-like nanotubes preassembled in solution and later deposited on
a) Flat unstructured Si-wafers b) structured wafer with Polymer mask PS-PMMA

To test the deviation of length between bottom-up assembled TMV derivatives and those
which were preassebled in solution a statistical comparison is carried out. The final
lengths of the rods assembled on solid substrates were determined from AFM images
processed to verify flat positioning of analyzed particles (Figure 32) by help of the
software Imagel. The average median apparent length of particles assembled bottom-up
on surfaces was 96 nm (+4nm), with 17 % between 115 and 135 nm, which significantly
differed from 110 nm (+4nm) determined for rods constituted in solution (Perror <0.0001
delimited by Mann-Whitney rank sum test), with 32 % between 115 and 135 nm,
respectively. These deviating length distributions are detailed for one experiment in the
Figure 32. In both cases, the VLPs were assembled/deposited on structured Si wafers. The
box plot (top middle) shows the different length distributions obtained by the distinct
assembly strategies, with median values (black dot), 50% particle populations between
second/third quartiles (gray boxes), and lowest/largest values (lines) indicated. The
expected maximum particle length of 135 nm, corresponding to the RNA template used,
is labeled by the dotted line in the plot. For particle length determination, AFM tip

convolution was taken into account.
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Figure 32.- Comparison of the length distribution of bottom-up assembled TMV-like particles (AFM topography
anl)ztge al and histogram a2) with particles preassembled in solution (AFM topography image bl and histogram
On the other hand, surface coverage with TMV-like particles in no case reached
saturation, irrespective of whether grown in situ, or deposited in assembled state (in
amounts sufficient to form 16 closed layers) from the same buffer as a control. Alleged
molecular reasons encompass limited availability of DNA linker or RNA strands,
respectively, as well as physical constraints during the in situ assembly process. The
incomplete coverage of wafers even after treatment with preformed TMV-like nanotubes,
however, yielded strong evidence for a major contribution of physical limitations on
TMV CP enrichment at target sites. Helically assembled as well as mono- or oligomeric
protein subunits exhibit a negative net charge under conditions of multimerization [327]
and therefore are subject to repulsive electrostatic interactions with surfaces equipped
with nucleic acids as well as with adjacent coat protein aggregates. Suci et al. [328] have
investigated comparable inter-relationships between differently charged Si and polymer
substrates, and Cowpea chlorotic mottle virus (CCMV) icosahedral particles with a pl of
3.8 similar to that of TMV. Their experiments have underscored the pivotal influence of
electrostatic interactions on the resulting spatial distribution of viruses, the kinetic
adsorption behavior of which could be described well by use of the Langmuir model with

limitations found for conditions close to equilibrium [328]. TMV particle densities
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obtained in other studies on different surfaces are mostly in agreement with this
suggestion: hybridization of partially disassembled virus rods via an exposed 5’ portion of
their RNA to oligodesoxynucleotides on solid substrates resulted in arrays quite
comparable to those observed on patterned wafers in our study [329, 330] whereas high-
density deposition of TMV or M13 phage arrays was achieved by different technologies:
planar self-organization into closed films occurred upon diffusion through polyelectrolyte
multilayers; [331, 332] densely packed arrays with rod orientation predominantly normal
to the surface were generated by metal-to-thiol-linkage of the viral protein coat,[11, 60] a
method also applied, for example, to the icosahedral Cowpea mosaic virus CPMV; [333]
and by photolithographic lift-off technology [10]. Close to complete coverage with
random rod orientation was also possible by microcontact printing [334] and,
interestingly, by hybridization of partially “stripped” TMV with their RNA ends to
ssDNA probes on chitosan-modified surfaces [335].

Although the whole process will therefore need further optimization, these experiments
demonstrate that micropatterned, nucleic acid equipped technical substrates offer a so far
unique opportunity for an inducible, kinetically controlled, and site-selective bottom-up
growth of true nanostructures.

The DNA-mediated linkage of the assemblies to sites of interest prove to withstand
extended washing of the freshly grown nanorods with 60 mL/min flow, corresponding to
2.4 cm/s buffer stream inverting direction three times per second, in all experiments. This
harsh treatment exceeded flow rates routinely applied in many lab-on-a-chip microfluidic
devices.[336-338] Dried arrays even remained unaffected by flowing water of 25 mL/s
for 2 min or streaming 0.1% sodium dodecyl sulfate (SDS) for 30 s, being removed from
the wafers only after two min ultrasound exposure at 40 kHz, which completed test series
on the robustness of the ensembles. On the other side, a very poor adhesion of the
pre-assembled virus particles (assembled in vitro) on the substrate was observed when
they were just spotted on the surface. After a washing with 10 seconds in an ultrasonic
bath the virus are completely washed away. This can be observed in the following AFM
images from the same substrate before and after washing with sonification (see Figure

33).
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Figure 33.- AFM topographic image of a silica wafer with spotted preassembled virus-like particles on a
structured sample. On a) the same sample before and b) after thouroughly clean with use of ultrasound for 2
minutes and 0.1% SDS for 30 seconds.
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4.2 Isothiocyanate-based Silanization and
Immobilization of DNA-linker.

In this section the isothiocyanate-based silanization of substrates is discussed. The first
part, unlike the discussion with the aldehyde chemistry, is focused on the synthesis of the
silane in-house. This is due to the special synthesis required for this silane and the lack of
commercial availability. Further assessment of the reaction is done using Fourier-
transform infrared and Raman spectroscopy. The second section follows the same layout
as the previously discussed one, involving aldehyde based silanization. Morphology,
wettability, elementary composition and chemical functionality is assessed for the
isothiocyanate functionalized substrate after coupling the silane to the silica wafer, the

glass substrates and the UV-irradiated polydimethylsiloxane surfaces.

4.2.1 Synthesis and Spectroscopic Characterization of
3-isothiocyanatepropyltrimethoxysilane

An isothiocyanate head-group is employed for further covalent functionalization as its
reactions towards amines is basic for the covalent attachment of the DNA-linker onto the
surface. Isothiocyanates are defined when the oxygen in the isocyanate family compounds
is substituted by a sulfur atom and therefore they can also be defined as esters of
isothiocyanic acid. In the general formula R-N=C=S, the group R can be aliphatic,
alicyclic, aromatic, acyl, or heterocyclic [339].

Many of this isothiocyanates can be found naturally in plants, commonly known as
“mustard oils” [138]. Isothiocyanates (ITC’s) are believed to inhibit carcinogenesis and
tumorigenesis and as such are useful chemopreventive agents against the development
and proliferation of cancers [340, 341]. Also the ITCs are used worldwide in the
determination and quantification of proteins and aminated substances in the form of
Fluorescein isothiocyanate (FITC).

Isothiocyanides have been prepared commonly by the reaction of primary amines with
thiophosgene [237], by decomposition of thioureas by acids, by the decomposition of
dithiocarbamates from primary amines and carbon disulfide in the presence of heavy
metal salts [239], by reaction of alkyl and acyl halides with salts of thiocyanic acid [342,
343] and the addition of thiocyanic acid to unsaturated amino containing compounds

[344]. To synthesize isothiocyanates in this research, an amino modification by
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desulfurization of a dithiocarbamate derivative route was selected not only because it is a
safer option (no extremely dangerous components are necessary) but also because this
method can reach high yields (above 90% for alkyl silanes) and purities (above 95%)
[140, 141].

42.1.1 Synthesis Procedures

For the synthesis of the isothiocyanate silane, two procedures have been used. Both
progress in the same way until the production of the dithiocarbamate derivative. The
difference consists just in the variation of the desulfurizing agent to yield the
isothiocyanate functional group on the molecule once the derivative intermediate is
reached. In more detail, the first synthesis is described by Kaluza [138] and later by
Hodgkins [139-141] who showed that intermediate carbethoxydithiocarbamates, are
decomposed into isothiocyanates readily at room temperature by aqueous alkali or by
triethylamine in chloroform solution using a desulfurizing agent as ethylchloroformate. In
this case the conversion of a 3-aminopropyl trimethoxy silane into a
3-isothiocyanatepropyltrimethoxysilane using the Kaluza reaction is shown in the Figure
34 below:

H* ﬁ CICOOC,H, ﬁ
RNH, + CS, — RNHCSH" = RNHCSCOOC,H,

-H*

l

RN-HCSCOOC,H; ~—

(C,H,OH + COS)C,H,0COS~ + R-N=C=$

3‘, -
RN=HCSCOOC,H,
Figure 34.- Kaluza reaction scheme. The primary amine containing molecule is reacted with carbon disulfide in

basic medium. The intermediate dithiocarbamate derivative is then desulfurized using ethylchloroformate to
yield in basic media an stable form of isothiocyanate group on the previously aminated molecule.

The second method used was a one-pot synthesis which uses the desulfurizing effect of
the carbodiimide tautomeric form of the cyanamide to yield the isothiocyanate as
described by Yamamoto et al. [249]. The advantage of this method is that a further

refining or even any intermediate separation is not necessary (see Figure 35).
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Figure 35.- Modified Kaluza reaction scheme. The reaction proceeds in the same way until the dithiocarbamate
is formed. Afterwards, the desulfurizing step is done using cyanamide. This provides with another route of
synthesis which does not need a further separation process.

An oily yellowish but clear liquid is obtained when methanol or chloroform is used as
matrix solvent. A further purification can be performed, although it is not necessary. The
smell is related to mustards oils and sweet. It is soluble in methanol, ethanol, toluene,
tetrahydrofurane and dimethylformamide. It possesses a high boiling point at
approximately 290° C. Density = 1.02 g/ml and a molecular weight calculated of 263.43
g/mol (data extracted from the custom-made -ABCR,Germany- available

3-isothiocyanate propyl triethoxy silane MSDS).

421.2 Spectroscopic Characterization using FT-IR and FT-Raman

During the synthesis of isothiocyanate silane, the primary amine used was respectively a
commercial 3-aminopropyltrimethoxysilane (APTMS) (Sigma Aldrich, Germany). Using
Fourier transform infrared spectroscopy and Fourier transform Raman spectroscopy, a
follow up of the reaction yielding the intermediate and a final assessment on the

isothiocyanate functional group was performed.

FT-Raman spectroscopy on isothiocyanate silane.

Continuous Raman spectroscopy of the reaction solution was carried out and the presence
of carbon disulfide versus time is determined in order to assess the proper times for the
reaction to take place, in order to guarantee that the silane used in the further experiments
has been converted into the isothiocyanate propyl alkoxysilane successfully. The
reactants were introduced in a quartz cuvette and immediately placed inside the

spectrometer. The measurement were done without any removal of the contents or
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alteration of the reactant vessel, therefore a further normalization was not required as no
quantitative follow up was done. The amounts used for the reactions are specified in the

Table 1 (chapter 3).
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Figure 36.- Raman spectra cm™ of the pure reactants (descriptions and manufacturer in chapter 3). The
energy interval is chosen as the influence of the carbon disulfide is maximized in this area and no further
influence from the other reactands takes place in this area.

Figure 36 shows the Raman spectra of 3-aminopropyltrimethoxysilane, triethylamine
(Et3N), methanol and carbon disulfide (CS;). CS, is the only reactant which shows
Raman bands in the spectral range between 600 cm” and 700 cm™. Therefore, carbon
disulfide is selected as probe molecule to investigate the progress of the reaction. In
Figure 37a, the consumption of CS, is plotted versus time, until the concentration of the
carbon disulfide remains constant. The carbon disulfide was added in a 10% excess in
relation to the amine. During the first 10 minutes the reaction is very fast and consumes
approximately 90% of the reactant (CS;) (calculation based in the initial value of the area
beneath the curve when extrapolated to t = 0 in the progression curve Figure 37b). The
initial carbon disulfide spectrum for t = 0 is not shown in the graph, (being concentrated
as 100 % the intensity is much higher than the scale which is used to show the reaction
progress). In the spectra in Figure 37a it can be seen that, for the two silanes (amino and
isothiocyanate), as well as for the methanol and triethylamine, there is no band that arise
on the 650 cm™ wavenumbers. Following up the conversion reaction, by recording a

spectrum of the solution every 7 minutes, the curve in Figure 37b shows after 100
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minutes the concentration of carbon disulfide remains almost constant. Qualitatively, the
optimal time to leave the carbon disulfide reacting with the primary amine is when the
intensity values from the reaction followed reach a plateau point. Therefore the Raman
intensity value reaches this stable point after 2 hour. The fast reaction at the beginning in
the first 10 minutes ensures a high conversion from the amine to the dithiocarbamate salt
without a further reaction between the remaining dithiocarbamate and the amino
terminated silane.

Assuming the 100% of CS, is available for the reaction in the cuvette, it is necessary at
least 100 minutes to reach a equilibria point as discussed before. The amino terminated
silane is still reacting towards the dithiocarbamate but with a much slower rate. From
literature, it is possible to achieve a high degree of conversion, above 90% of the primary
aliphatic amine to isothiocyanate and above 70% when converting amino terminated
aromatic compounds [141, 239, 249, 339, 345]. For the calculation of the follow up
curve, the area below the curve was taken into consideration. The limits for the integrals
were fixed between 630 and 660 cm™ for all the curves. At the beginning it can be seen
that the reaction progress at a linear speed, until after 40 minutes it has reached already a

nonlinear decelerating rate.
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Figure 37.- Raman spectra of carbon sisulfide versus time in (a). The Raman intensity of the spectra in the
wavenumber region between 640 and 650 cm™ corresponding to the CS, signal. are plotted in (b) taking
into account the area under each curve in the same interval of wavenumbers (units are arbitrary). The
condition of the experiments follows a close system with no evaporation and no losses. The probe was not
taken out of the spectrometer to avoid any environmental or instrumental error.

Fourier Transform Infrared Spectroscopy of isothiocyanate-silane.
Fourier transform infrared (FT-IR) spectroscopy in the transmission mode was used to
investigate the substances involved in the Kaluza reaction. A 5 pul drop of the substance

was placed on top of a potassium bromide (KBr) pellet, previously produced by adding
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300 mg of the KBr powder into a press cylinder and dried afterwards The KBr pellet was
measured before (background) and after the placement of a drop. After the measurements
the single channel spectra was divided by the background to produce the absorbance
spectra, corresponding to the dried liquid. Organic isothiocyanates (ITC) show a broad
and strong band centered around 2100 cm’ [346, 347]. With a strong doublet occurring
near 2150 cm™, Badger [348] suggested that one of this bands aroused is a fundamental
transition of the linear -N=C=S group while the other arises from a second excited state.
This might be due to internal stretching modes of the -N=C=S group. A correct
assignment of the three vibrations modes v, (NCS), vs(NCS) and v, (C —N) is essential to
a correct interpretation of the spectra where a= asymmetric and s= symmetric.

Further reading and explanation on how the group got its bands assigned can be found in
Kniseley et al. [347]. In Figure 38 the FT-IR spectra for the main reactants involved in the
synthesis reaction according to Kaluza and Hodgkins [141, 247] using ethylchloroformate
as desulfurizing agent are shown. After the addition of the reactants, several bands were
also found corresponding to the intermediate, and then afterwards disappear as the
reaction progress towards the isothiocyanate final stable product (Figure 38). The strong
band centered around 2100 cm™ is - according to Kniseley et al. [347] - characteristic for
the asymmetric stretching of the NCS group and can, therefore, be used as probe to

follow the progress of the reaction of the amino silane to the isothiocyanate.
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Figure 38.- Infrared spectra from reactants involved in the isothiocyanate silane synthesis. from top to bottom:
3-aminopropyltrimethoxysilane (APTMS), carbon disulfide (CS,), ethylchloroformate (ECF), triethylamine
(TEA) and final product 3-isothiocyanatepropyltrimethoxysilane (ITCPTMS). The emergence of a distinct band
centered at 2100 cm™ is typical from isothiocyanate derivatives. This band is not present in the other
componenets of the reaction.
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On the following Figure 39, the direct comparison between the aminosilanes and the
isothiocyanate silane with a more specific band assignment is done. The FT-IR technique
is used as a tool in this case to characterize the silane and its reaction. A complete
spectroscopic discussion will not be done in this thesis as it is out of its scope. It is
important to note, that while the NHj-silane has been commercially acquired and
therefore a silane with higher purity is used, the conversion of this silane towards the
ITC-silane is carried out in a single-pot synthesis way. As explained in the experimental
chapter, the amino silane purity is determined as 97% pure amino silane from the
fabricant. Therefore, we will assign the vibrations in this region of the spectrum (~3350
cm’™) exclusively to the amino group and assume that only few hydroxyl groups might be
present in enough quantity to interfere in this analysis, which can be neglected. The
isothiocyanate silane final solution was produced mixing all the reactants in a single pot
without separation steps in between, and because of this, some reactants might still be
present at the end of the reactions as non-reacted components in the same solution when
the FTIR analysis is performed. Thus an assignment based exclusively on the difference
between bands belonging to each of the reactants and the isothiocyanate silane cannot be
obtained, as some bands might not even belong to the ITC silane but to other reactants
present. Therefore, an analysis of the strongest peaks is done and the assignment of them

to specific groups is implemented.

2940 1191
w | 3370 1192
o 2043 2179
3299 | 2841 2101 1085
2840 1722 1085 817 4860
124 ¢ 816 4860
o |
o i
|‘II|
w | i
£ - 1530 i
= IR |
@ Y 1589 | | I
g f ] l \
2 E - o IR |
= ]
< Nt ol
{ | '.
| |
w | w
s i v 1
| .-I ’-
L Mo
S § AL
o | 7 " o, \
2 - A - -
T T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber cm-1

Figure 39.- FTIR spectra from 3-aminopropyltrimethoxysilane (blue) and the final product 3-
isothiocyanatepropyltrimethoxysilane (red) after Kaluza and Hodgkings reaction [140, 228]. Particularly to
note is the arising strong doublet centered at ~2100 cm™ corresponding to an -N=C=S asymmetric stretching.
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The analysis of the aminosilanes done by White and Tripp [349] provides a tabulated
assignment of bands for a monoalkoxysilane. We will use this information as an
approximation for our interpretation of the bands belonging to both silanes when referred
to the NH assignments, the silicon atom and the alkyl chain interpretation from the
spectra  (shown in Figure 39). A more recent examination on the
3-aminopropyltriethoxysilane using FT-IR was done by Pefa-Alonso et al. [350] who
uses the technique to study the hydrolysis and condensation reactions of the amino silane
on its attachment to glass. Parallel from experiments done by Ishida and Koenig [351] on
the effect of hydrolysis and drying of the siloxane bonds of a silane couple agent, a

summarized table for the assignments on the silicon atom and the alkyl chain is shown.

Table 8.- FTIR assignments for the fundamental modes of 3-aminopropyltrimethoxysilane and
3-isothiocyanatepropyltrimethoxysilane.

Assignment Bands(cm'l) Comment Band found from

experimental  (cm™)

(Figure 39)

N-H, asym. | 3370 [38, 349, 352, 353] NH asymmetric stretching of H- | 3370
bonded NH, group

N-H sym 3305 [38, 349, 352, 353] NH symmetric stretching of H- | 3299
bonded NH, group

CH, asym. 2928 [278, 281, 354, 355] CH, asymmetric modes for the | 2940

carbon backbone

CH, sym. 2885 [278, 281, 354, 355] CH, asymmetric modes for the | 2840

carbon backbone

-N=C=S 2000-2200 [347, 356] Strong and broad asymmetric | 2179 and 2101
asym. stretch with a doublet centered at

2150 cm™*
-N=C=S 1090-925 [347, 356] Symmetrical stretch very weak in | 1085
sym. IR
Cc=0 1740-1720 [357] Carbonyl group stretch 1722
-NH; bend. | 1602 [350] 1589
R-NCSN-R 1560-1500 [358, 359] 1530
CHsrocking | 1190 [360] 1191
-Si-OCH,4 1085 [361] 1085
-Si-C bend 830-800 [276, 350, 358, 362] 815
-CCN 500-400 [347, 349] fingerprint 460
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In the spectra above, sweeping the most notorious bands from the higher to the lower
wavenumber are examined. The discussion is also summarized in Table 8. Likewise,
Figure 39 shows two small peaks located at 3370 and 3299 cm™ due to the N-H
asymmetric and symmetric stretching of the amino group respectively on the amino silane
[353, 363]. Due to the appearance of this band and further on the ones related to the
amino groups in both silanes, it is probable that, although the reaction has progressed
toward the ITC, it is not 100% completed. Further quantitative analysis might be difficult
due to the fact, that the reaction takes place following a single-pot synthesis procedure.

In Figure 39, the FTIR spectra for the amino silane and the reaction solution for ITC
silane synthesis are presented. It shows a cluster of bands between 2800 and 3000 cm™,
which arise from the overlap of several CH symmetric and asymmetric stretch modes
from backbone. More specifically, bands arising at 2940 cm™ and 2840 cm™ correspond
to the asymmetrical and symmetrical stretching of C-H in CH, respectively [349, 352,
354, 362, 363]. The appearance of the doublet at 2179 cm™ and 2101 cm™ is typical of a
cumulated double bond system attributed to the isothiocyanate asymmetrical stretching.
Fermi resonance is probably responsible for the presence of these two bands in the 2150
cm™ region [362]. This region is of special interest as it is the region in which cumulated
double bonds arise and this is very exclusive from the rest of the vibrational and
rotational modes.

The appearance of the band at 1722 cm™ is an indication for the presence of a carbonyl
group which belongs to the ethylchloroformate. This is attributed to the presence of the
desulfurizing agent, necessary for the change of the dithiocarbamate intermediate into the
isothiocyanate.

Further on the aminosilane shows a weak band at 1589 cm™, which can be assigned to the
NH; bending mode of the primary amine [349, 350]. This band is present only on the
amino silane and is not perceivable on the isothiocyanate mixture. In the latter, the
1530 cm™! according to some authors [349, 352, 354, 362, 363], can be attributed to an
amide formation (in this case a thiourea bond formation) occurring between the first
isothiocyanate compounds forming and the rest of the amino silane still in the solution
which did not react towards the dithiocarbamate intermediate. The thiourea group is very
similar to the amide group and it is comparable as this band is also attributed — according
to some authors - to a —C-N-C bond [279, 349, 354, 359, 364].

From the infrared results, an indication that the isothiocyanate synthesis was successful

using as precursor the amino silane is found. Some bands that appear to be common on
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both silanes are in the region of 700 — 1300 cm'. This accounts for the silicon atom
vibration with a carbon &(Si-CH,) at 815 cm™! and other carbon related vibrations [350,
358]. The range of 1000-1200 cm™ shows a high density of peaks which accounts also for
CH, and CHj; vibrations [350]. The band at 1191 cm’ is assigned to the rocking in the
CHj; group present in the alkoxy terminal end. Si-OCHj3 vibrations might also be found in
that area representing an asymmetric stretching at 1085 cm™ [38, 349-355, 365]. Finally
in the fingerprint region of the spectra, a band arising at 460 cm’ is attributed to the —C-
C=N- bending which some authors have attributed to a isopropyl isothiocyanate
compound [347, 349].

With this analysis we can account that the aminosilane transformed mainly the functional
primary amine, leaving the body of the silane linker intact and the tail groups slightly
hydrolyzed. On the following figures a full band examination using native software from
the spectrometer has been done.

Figure 40 shows the IR spectra of reaction solutions according to Figure 34 following two
different preparation paths using different solvents and the dithiocarbamate intermediate
arising from the methanol assisted synthesis. A very reproducible spectrum can be
obtained from the same conditions changing only the matrix solvent. It shows the main
characteristic bands of the isothiocyanate in the 2100-2200 cm™! wavenumber region, and
additionally the bands related to the silicon and methoxy groups. Figure 40 shows a full
range (400-4000 cm™) spectrum of a synthesized ITCPTMS as standard preparation with
ethylchloroformate used as a desulfurizing agent. A very sharp and broad band on the
2102 cm™' and 2179 em™ characteristic of the NCS stretching are shown again.

On the upper spectrum in Figure 40 (a), methanol (Sigma Aldrich 99.9% dried) was used
as matrix solvent, while on the middle spectrum on Figure 40 (b) can be seen, on a
different preparation date, that chloroform (sigma Aldrich, Germany) was used as solvent.
A very weak band arises on the 1789 cm’ on the spectrum in the middle (ITC on
chloroform), which can be additionally assigned to acid chlorides coming from the
decomposition of the chloroform and ethylchloroformate or to carbonyl groups [366]. The
spectrum at the bottom on Figure 40 (c) shows the intermediate component of the reaction

(dithiocarbamate salt).
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Figure 40.-IR spectra of reaction solutions following two different preparation paths using different solvents. a)
ITCPTMS synthesis in methanol, b) ITCPTMS synthesis in chloroform following the same process and c) a
spectrum of the dithiocarbamate intermediate. In both cases ethylchloroformate was used as as desulfurizing
agent forming the intermediate dithiocarbamate (red line).

For the second route synthesis according to Figure 35, the desulfurizing agent
ethylchloroformate was substituted with cyanamide. Although the procedure is relatively
similar to that of the ethylchloroformate route shown in Figure 34, the difference is the
avoidance of higher amounts of solvent to solubilize some of the dithiocarbamate salts
produced by the addition of carbon disulfide on the primary amine under basic conditions.
A separation from the salts was performed using ether as an extracting solvent and a
further separation was performed using a separation funnel. The infrared spectrum in
Figure 41 shows the final isothiocyanate silane product and its corresponding bands. The
analysis of the bands will not be repeated in this section, and the assessment of the
isothiocyanate bands will be done using the native software again (OPUS 6.0 from
Bruker). On Figure 41 the bands corresponding to the ITC silane can be seen centered at
2100 cm™. The third band appearing on the 2250 cm™ can also be a hint for some

cyanamide residual compounds as this band is not visible in the other route of synthesis.
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Figure 41.- FTIR spectrum of a in-house synthesized 3-isothiocyanatepropyltrimethoxysilane in chloroform
matrix using cyanamide as desulfurizing agent. The spectrum shows similar bands arising centered on the
2100 cm™ wavenumbers.

4.2.2 Characterization of Physical and Chemical Properties of
Isothiocyanate-terminated Surfaces on Silica/glass Substrates.

Silanization of surfaces follows mostly the same rules independently from the head non-
hydrolysable group when it is transfer onto the surfaces. The hydrolysable groups are
mostly divided in halides and alkoxy ones. In this work, methoxy and ethoxy groups are
used as they offer a relatively fast reaction time and methanol and ethanol result as sub
products whenever silica wafers or glass slides are used [111]. The mechanism which the
3-isothiocyanatepropyltrimethoxysilane (ITCPTMS) follows for its coupling on the
oxidic surface of silica is shown in Figure 42. First a hydrolysis of the three alkoxy
groups takes place, absorbing water and releasing methanol, creating a “silanol”
molecule. It is necessary to note that the alkoxy group has no influence in the overall
adsorption mechanism towards the surface, but it influences the speed on which the
hydrolysis of the tail groups takes place. The rates of hydrolysis of the alkoxy groups are
generally related to their steric bulk forces and decreases in the order CH30 > C;HsO > #-
C4HyO [131]. A methoxysilane hydrolyzes at 6-10 times the rate of an ethoxysilane, but

given enough time for complete hydrolysis, the final silanol tail groups are the same
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either if they come from the methoxy or the ethoxy groups. After hydrolysis reactions
have taken place, the oligomers couple with each other via their hydrolyzed tail groups
using the available -OH groups for condensation. This polymerization reaction is taking
place parallel to the condensation reaction toward the surface hydroxyl groups.
Consequently some of the remaining hydroxyl groups can condensate on the surface via
hydrogen bonding, which ultimately forms both a Sigypstrate — O — Sigilane and  Sigjjane — O —
Sisitne cross linking covalent bonds [367]. Experimental results from AFM display the
substrate before any silanization procedure and after cleaning. The process for cleaning is
explained in the protocols of section 3.1.1. Additionally X-ray photoelectron
spectroscopy was performed on the substrates. On the first set of experiments, silica
wafers were prepared for the attachment of ITCPTMS. As AFM is neither an optical nor a
chemical characterization technique, the use of fluorescence microscopy was also useful

to characterize the reactivity of the surface.
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Figure 42.- Mechanism of covalent attachment of 3-isothiocyanatepropyltrimethoxysilane to the
surface for functionalization.
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4221 Morphology and Roughness

After silanization the investigation of samples roughness and topography is necessary to
assess also the ability of the silane to form flat SAM layers or - on the contrary - rough
interfaces by the formation of aggregates, which in turn will influence the reactivity with
respect to further coupling of other molecules. In Figure 43a the AFM topography images
can be seen, showing the morphology of the silica wafer substrate after it is cleaned.
Roughness was calculated for the clean sample, giving a 0.229 nm root mean square
(RMS) value taking the full image into account. After silanization procedure (see section
3.1.1), AFM examination was also performed, resulting in an increase in roughness
(RMS) up to 1.867 nm. The comparison is shown in the Table 9 below. It can be seen on
the AFM images that the coverage of the silane is not homogeneous, but it assembles in
islands [368-370]. This island formation can be explained by two probable mechanisms:
first the silane condensate one molecule to the surface and then the rest of molecules
attached to the further hydrolysable groups [81, 102]. A second idealized mechanism (as
proposed on the Figure 42) follows a pre-condensation reaction of the silane forming
polymerized molecules with different lengths and geometries before the silane multimers
(clusters) couples to any interfacial hydroxyl group. This latter model is one of the most
accepted mechanisms by literature and it will be adopted for this dissertation [371-373].
Due to this polymerized molecules with different lengths and molecular weights, a
plausible explanation for the increase in roughness and the appearing of islands (see
Figure 43b) on the surface of different shapes and sizes is found [368-370].

The results from the AFM roughness investigations are summarized in the following
Table 9. The increase in the island formation and roughness is due to the condensation of
the silane on the surface or even in the reaction solution. The silane is synthesized from
the amino group using a base catalyzed process [114]. This basic environment promotes

the condensation reactions of the silanol groups on the silane anchor groups.

Table 9.- Roughness evaluation data for the clean substrates and substrates after ITC silanization.

Roughness Data Clean ITC silanized
Parameter Full Image Values Full Image Values
RMS: 229 pm 1.8 nm
Average Deviation: | 177 pm 755 pm
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Figure 43.- AFM images of silica wafers after chemical cleaning (topography (a), phase (c)) and after
functionalization with ITCPTES (topography (b), phase (d)).

4222 Wettability

Contact angle measurements were used to characterize the change in the chemical
functionality of the terminal groups of the silica wafer before and after silanization
(Figure 44). The silane in this case was the 3-isothiocyanatepropyltriethoxysilane in a
methanolic solution at 3% volume percentage. The substrates were cleaned following the
procedure described in chapter 3 and then immediately used for measurement resulting in
a CA<5+0.5 (Figure 44a). After silanization, a steep increase of the contact angle (sessile

drop method) due to the addition of organosilanes is observed (CA=65+6) (Figure 44b).
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Figure 44.- Single contact angle measurement on a) chemically cleaned silicon wafer surface (CA<5+0.5) and b)
isothiocyanate-functionalized silica wafer (CA=65+6).

In Figure 45 the advancing contact angles on a silica wafer using the sessile drop method
are presented. Each value represents an average on 5 measurements on different areas of
the same sample for three different silanized silica wafer substrates. A value of 5° was
assigned to the measurements of the clean wafers prior silanization, due to the lack of
precision of the instrument to measure properly contact angles below that value. The error
associated with the machine is around 10% of the measured value, therefore the error bars
in the values assigned to the clean wafers are almost unnoticeable at the scale of the
graph. A very steep increase of the angle up to 70° was observed, after silanization. This
can be due to the reaction (reduction of number) of the hydrophilic hydroxyl groups of
the substrate with the silanol groups of the hydrophobic silane molecules. [109]). Several
groups have already investigated the contact angle of silica and glass substrates which
were functionalized with several other silanes [102, 374-376] and, therefore, a complete
analysis on the mechanisms of attachment is not necessary. Factors which contribute to
the ability of an organosilane to generate a hydrophobic/hydrophilic surface are: i) its
organic substituent, ii) the extent of surface coverage iii) residual unreacted groups (both
from the silane and the surface), iv) the distribution and orientation of the silane
molecules on the surface as well as substrate roughness (including roughness due to
cluster formation). Fadeev and McCarthy [377] reported data, which indicates that the
contact angle of water on a silica substrate treated with alkylsilanes are independent of the
alkylsilane length. Compared to the contact angle measured for the Si wafer
functionalized with 3-isothiocyanatepropyltrimethoxysilane (CA ~70°) the same silane

moiety (propyltrimethoxysilane) without ITC terminus has a contact angle of 82.4° [378,
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379]. Therefore, the change in the hydrophilicity behavior of the silica layer might be due
to the coverage of the surface by the silane, but more specifically by the presence of the

isothiocyanate group independent of the organic spacer.

Contact Angle Measurements on Silica Wafers
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Figure 45.- Average contact angle determined for for silica wafer samples cleaned (blue line CA< 5°) and after
silanization (orange line CA= 70° £ 7).

Similar experiments were done on glass slides to check the homogeneity of the silane
layer on the surface. Following what Fripiat et al. [380, 381] investigated before, a higher
number of hydroxyls are present in the glass than on the silica wafer. This should result in
a lower contact angle of water for glass after cleaning compared to that of a silica wafer.
However, with the contact angle instrument it is not possible to determine precisely
contact angles below 5°. Literature on the adsorption of water and the role of the OH
groups on a silica surface, covering the temperature ranges from the hydroxylation or
dehydroxilation of silica surfaces has been reviewed by Zhuravlev [33, 382]. From his
work, an average number of 4.9 OH-groups/nm” is calculated to be found in silica oxide
substrates. After the ITC silanization of the glass the contact angle determined was 65° in
average which is smaller than that determined for the Si wafer (70°, see Figure 45). As an
explanation we will assume that a full surface coverage by the silane was not completely
achievable in the case of glass resulting in a contact angle value between that of a non-
silanized glass and a glass substrate with all of the —OH groups reacted with the silane.

Figure 46 shows that the resulting sessile drop contact angle was in average 65°.
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Although this experiment had the intention to compare the substrates, the control of the
homogeneity of the silanization along the slide can also be assessed approximately. For
that purpose a mapping of 9 points along the longer axis of the slide in three different
positions was done (left, middle and right). From these points an average was calculated
(65°). The lowest calculated angle was 53.6° and the highest was 73°. It means the
silanization procedure using a liquid strategy is slightly variable in itself. The tendency of
the contact angle to shift towards one side of the slide can be explained by the higher
concentration of the silane on the higher end of the silanization beaker due to the higher
evaporation rate of the methanol at that point. The variability of the silanization in liquid
has been already studied and is still a point of discussion for several authors [102, 374,
383]. Other strategies have been developed in order to reduce the polymerization and over
condensation reactions of the silanes in solution, either with themselves or with the
surface. These strategies includes: i) limiting the concentration of the silane before the
modification, ii) using chemical vapor deposition, iii) using anhydrous solvents and use of
some monoalkoxysilanes [34, 38, 42, 384]. For biological use, a highly ordered and
homogeneous surface is desired. Further homogeneity experiments are performed using

fluorescence microscopy (see section 4.2.4.2)
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Figure 46.- Average contact angle measurements for glass slide samples. The average has been calculated by
measuring 3 points in 3 different slides and then plotting the average. The dots represents the position of the
drops on the glass slide

4-38



Novel Chemical Approach for the Site Selective Generation of Complex Self-Assembled Virus Derivatives

In an effort to reduce the reaction time and to improve the reaction yield, other reaction
conditions were tested. In this context the addition of a base to the silanization solution
increased the rate of hydrolysis significantly. With an average time of approximately 2
hours to accomplish a silanization on a wafer, the basic conditions improved the total
silanization time to just 15 minutes. This could be tested by contact angle and AFM
characterizations. Unfortunately the rapid hydrolysis of the methoxy groups was also
responsible for a higher degree of cluster formation on the surface, resulting in a
noticeable less clean wafer at the end of the treatment. This behavior has been already
tested and studied by Osterholtz [385] and Kallury [114] and it can be explained in the
case of the basic catalysis as a bimolecular nucleophilic displacement reaction in which
negative charge development on the silicon atom is considerable. Electron withdrawing
substitution on the methyl groups will eventually stabilize the developing negative charge
and lower the energy of the intermediate state. This will produce an increase in the rate of
hydrolysis as the methyl group becomes more electron withdrawing [385]. Likewise, the
higher hydrolysis rate, the higher the rate of parallel condensation reactions which can
take place [131]. This multimerization reaction is too fast to be controlled properly

hindering this base-catalyzed method for suitable use.

4223 Elementary Composition

To prove the successful chemical functionalization of the silica wafers, XPS
measurements before (Figure 47d-f) and after (Figure 47a-b) the treatment with
3-isothiocyanatepropyltrimethoxysilane prepared by the in-house synthesis method were
carried out. In a second experiment the XPS results of wafers treated with the silane
prepared by the in-house method and of wafers treated by the silane bought from a
chemical company were compared (Figure 47e-f). The advantage of using a custom-made
reactant is the purity that can be achieved (>97% volume) and the opportunity to compare
the silane synthesized in house with a commercial standard. For comparison C 1s, N 1s,
and S 2p are selected taking into account that these elements should come from the silane.

First experiment remarks the comparison between an ITCPTMS silanized and a clean
surface. In Figure 47 it can be noted, that adventitious carbon can be found on clean
silicon wafers, but the intensity of the peaks shown are much lower than those on the
silanized wafers. The carbon peak C 1s (Figure 47a-d) can be deconvoluted in several

components: 285.0 eV (C-C, C-H), 286.7 eV (C-O, C-N), 287.8 eV (N=C=S) and 289.4
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eV (0-C=0) which are in agreement to the experiments from Graf [386, 387]. These
components indicate the presence of ITCPTMS but show an oxidation of the molecule as
well. The S 2p doublet at 163,2 eV shows the presence of isothiocyanate whereas the
doublet at 169,0 eV (Figure 47¢) is also a hint for oxidation [388]. The N 1s peak (Figure
47b) can be deconvoluted into one peak rising at 400.6 eV that can be attributed to
the -N=C=S bond [386, 389].
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Figure 47.- XPS spectra of a silica wafer treated with in-house-made isothiocyanate silane (a-c) showing the C 1s,
N 1s and S 2p signals. As a reference clean, non-silanized silica was measured (d-f).

Aided by the FTIR measurements described before, and the contact angle measurements,
we can conclude that the isothiocyanate group is present on the surface of the examined
samples. As there is no XPS information available for the isothiocyanate silane as pure
substance in literature, we will compare the ITCPTMS with the XPS spectra of
ammonium isothiocyanate from literature and try to identify the elements of the ITC
group. It has to be mentioned additionally that the analysis of S 2p is complex as this peak
is masked by the silicon peak signal. A direct comparison of the isothiocyanate groups
between the two different chemical substances might not be as straightforward as it
seems. The chemical environment of the group is different in both molecules, affecting in
this way the measured binding energy of the corresponding sulfur atom. The S 2p peak
doublets expected for ammonium isothiocyanate are found close to 161 eV according to
Ciszek et al. [390, 391]. The higher binding energy for oxidized sulfur, ranging from 165
eV and more (SO2’), is not found in ITCPTMS, meaning that the sulfur in the
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isothiocyanate group is in the lower valence state and it is not oxidized. While a peak at
around 163 eV has been consistently assigned to the s* species [392], different authors
have assigned a peak around 168 eV as S*/ s+ species. Alternatively Umebayashi et al.
[393] identify it as a peak of absorbed SO; in the same region of the binding energy (even
from 166-169¢V) [394, 395]. The lower binding energy corresponds to a sulfur atom with
lower valence. Sayago et al. [395] also gathered literature values of S 2p peaks for many
sulfur based species absorbed on different surfaces and oxides in particular. Their results
are presented in Table 10. From literature, a large variation in the energy values can be
noted, partially because the binding energies within the SO, molecule significantly
depend on the used oxidic surfaces. From this survey, we can conclude that the sample
shows bound non-oxidized sulfur which corresponds neither to a decomposed sulfur atom
on the surface nor to a physisorbed species. Consequently it can be concluded that it

belongs to the isothiocyanate group.

Table 10.- S 2p binding energies reported for sulfur species on oxide surfaces and their assignments according to
literature [395, 396].

Compound type Binding energy range (eV)

Sulfides () 162.1-163.6
Snh 162.4-164.8
SO, (chemisorbed) 163.5-165.7
(S03)*(s™) 164.9-167.6
(SO4) (%) 166.1-169.0
SO, (physisorbed or multilayers) 166.6-171.0

The second experiment focused on a further comparison between the behavior of the
ITCPTMS synthesized in-house versus the 3-isothiocyanatepropyltriethoxysilane
custom-made silane (ABCR, Germany) (shown in Figure 48). The carbon 1s examination
(Figure 48a,c) show similar spectral peaks for both silanes corresponding to the
previously discussed analysis ( 285,0 eV (C-C, C-H), 286,7 eV (C-O, C-N), 287,8 eV
(N=C=S) and 289,4 eV (O-C=0) which are in agreement to the experiments from Graf
[386, 387]) in a very reproducible way. In the case of N 1s, a sharp peak on the

custom-made available silane can be assigned exclusively to the -N=C=S group as the
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purity value of the silane is >90% (Figure 48b). On the in-house synthesized ITCPMTS
an appearance of two bands can be explained due to an incomplete conversion of the
3-aminopropyltrimethoxysilane to isothiocyanate or a further dithiocarbamate derivative
formation (Figure 48d). The conversion from the primary amine to the isothiocyanate

functional group is above 70% as described by Hodgkins [141].
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Figure 48.- XPS spectra of C 1s and N 1s comparing the custom-made available ITCPTES (a, b) versus the

silane synthesized in-house ITCPTMS (c, d). For all elements no significant differences between the two silane
scan be found after they were bound to the subestrate.

From the results on the XPS on the silica wafers examined, it can be concluded that, the
commercial and the in-house synthesized silanes, behave very similar on the surface and
in both cases the presence of the isothiocyanate group can be proved. Likewise, the
silanes behave similarly when they are coupled to the oxidic substrate surface. This is
also in agreement with the FTIR measurements done on the solutions before any

silanization is carried out regardless of the origin of the silane.
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4224 Chemical Functionality

The isothiocyanate group reacts with nucleophilic groups such as amines and sulfhydryls,
in a similar way known from the aldehydes. The most stable product of these reactions,
however, is with primary amine groups [397]. Therefore, isothiocyanate compounds are
almost entirely selective for the reaction with amino groups e.g. in lysine chains and N-
terminal o-amines in proteins or primary amines in other molecules [397]. The reaction
involves an attack of the nucleophilic species to the central electrophilic carbon of the
isothiocyanate group. The resulting electron shift creates a thiourea linkage between the

ITC-containing compound (in this case the silane) and the amine [398].
i
R—NH, + R'—N=C=S ——» R'-HN-C—NH-R

Isothiocyanates reacts best at alkaline pH values where the target amine groups are
mainly unprotonated. Reaction times may vary from 4 to 24 hours at 4°C [398]. Rana and
Meares [398], found that ITC-containing chelates at pH 7 could selectively modify a
biomolecule exclusively at its N-terminal-a-amines while leaving the amines of lysine in
the sequence unmodified. Therefore, the ITC moiety is used as a highly selective group
for chemical surface modification and, as it is done in this dissertation, to immobilize
DNA on a defined site. [319]. This high selectivity is used to immobilize the amino-
terminated DNA-linker exclusively via the amino group at the end of the molecule,
leaving the rest free for hybridization and further TMV particle assembly.

Chemical reactivity in this section will be assessed on chemically patterned substrates
using microcontact printing, Dip Pen Nanolithography (DPN), and microarray spotting
(for comparison with other DNA-linker fixation groups and for homogeneity assessment
on glass slides).

A similar experiment to that of the aldehyde transformed substrate (see chapter 4.1.1.4)
was performed in the case of the isothiocyanate functionalized substrates. Drops of the
NH,-DNA-Fluorescein solution (21 drops in total) were placed along a glass slide and
evaluated. This experiment was performed to assess the relative fluorescence between the
aminosilanized substrate and ITC-terminated substrate as an indicator of the chemical
reactivity of the primary amine of the DNA-linker. After the fluorescence evaluation
using Genepix 4000B microscanner (Molecular Devices, Germany), an increase in total

intensity values (arbitrary units), when compared with the amino silanized slide, was
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observed. A comparison with the amino-terminated silane and the ITC-terminated silane
is shown in Figure 49. The comparison is done taking the amino terminated slide, as
standard substrate from which both moieties (aldehyde and isothiocyanate) emerge. The
two images inset in the graph are the actual images of the glass slides as measured in the
fluorescence scanner. The color of the frame relates to the functional group evaluated in

the graph.

Fluorescent Reactivity of Amino/Isothiocyanate silane functionalization with
Amino-DNA-Fluorescent-linker
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Figure 49.- Fluorescent reactivity assessment of amino/isothiocyanate terminated glass slides using DNA-amino
terminated oligonucleotide as fluorophore binding molecule.

In the following pages additional reactivity assessment experiments are described. This
set of experiments was designed to evaluate two aspects: the successful scaling-down on
the chemical structuring techniques (through microcontact printing, microarray and
DPN), and second, the homogeneous coating along bigger substrates. The reactivity of
the ITCPTMS is evaluated by measuring the fluorescence signal of: i) microcontact
printing with 5-aminofluorescein on isothiocyanate silanized slides, ii) microarray
spotting experiments using also an aminofluorescein fluorophore iii) microarray spotting
experiments using aminofluorescein for comparison with an epoxy-silanized slide, iv)
DPN chemically patterned coverslips submitted to fluorescence DNA-linker to assess the
reactivity in smaller scales, and v) DPN chemically patterned coverslips prepared for

further particle immobilization assays, to test if the chemistry at this scale is able to

4-44



Novel Chemical Approach for the Site Selective Generation of Complex Self-Assembled Virus Derivatives

support immobilized heavier particles. An overview of the experimental techniques is

explained graphically in Figure 50.

Experimental Technigue Property to evaluate

Reactivity through
NH,-fluorescence coupling

Microcontact
printing

- Fluorescence

Chemical reactivity
Microarray NH,-DNA-Fluorescein

systems
- Fluorescence

Homogeneity along glass slides
using NH,-fluorescein

Chemical reactivity
NH,-DNA-Fluorescein

Dip Pen
Nanolithography
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Structuring technique features scale

Adhesion of NH,-functionalized

- Particles nanoparticles

Figure 50.- Road map of experiments in section 4.2.2.4 Chemical functionality on ITC-based silanization. The
experiments have been design to assess: chemical reactivity through fluorescence evaluation, homogeneity
through fluorescence evaluation of microarrays on glass slides and adhesion capabilities of nanoparticles at small
scales. The section approaches this assessment through scaling down the structuring technique from
macrostructuring up to micro/sub-micron structuring.

4.2.2.4.1 Microcontact Printing of Aminofluorescein on ITC-functionalized
Glass Slides.

Microcontact printing was performed for fluorescence assessment experiments. The ink
used for this experiment was an aqueous/ethanolic (1:10) solution of aminofluorescein
(1mM). The substrate was a clean glass slide functionalized with ITC-silane following the
protocol in section 3.1.1. Two patterns from a gradient master were stamped: on the left
(Figure 51a) a gradient in which the gaps are getting bigger while the features width is
kept constant, and on the right a gradient in which the width of the features are getting
bigger and the gaps are kept constant (Figure 51b). The master for the fabrication of the
stamp has been kindly provided by Dr. Tamas Haraszti and his group, from the Max-
Planck-Institut for Intelligent Systems (Stuttgart). The patterns are organized into
3.5x 2.5 mm gradients with the description as the following table (Table 11) for the

gradient. From the stamp, two defined gradients were used (A, B).
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Table 11.- Gradient stamp dimensions for microcontact printing assessment of chemical reactivity on
isothiocyanate silanized glass slides.

Field Line width (um)  Line spacing (um) Horizontal size (um)  Vertical size (um)

A 3 1-10; 0.5 164.5 200

B 1-10; 0.5 4 176.5 200

Figure 51 shows a fluorescence image of the fluoresceinamine ink stamped on an
isothiocyanate silanized glass slide. It remarks the ability of the silane to properly react
with the aminofluorescein fluorophore on the stamp. The increase in the mean
fluorescence intensity values for this concentration of fluorescent molecules (1mM)
demonstrated an approximately 3-4 fold increase between the stamped areas and those
areas amidst which have no fluorescence molecules deposited (Figure 51e,f). The image
analysis has been performed with ImageJ software. The absolute intensity results can be
used for relative comparison. The analysis in this case yielded a higher fluorescence
intensity on the stamped areas than on the non-stamped areas, which correlates with the

selective presence of the aminofluorescein molecule on the surface.

e) °|H

0 20 40 60 80 100 0 20 40 60 80 100
Distance (microns) Distance (microns)

Figure 51.- Fluorescence image of microcontact printing patterns from aminofluorescein on isothiocyanate
silanized glass slides. a) and c) represent stamping with the same line thickness but different spacing between
them. b) and d) are stamps representing different line thickness but same spacing between them. The lines
represent the places where the fluorescence intensity profile measurement was performed.
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4.2.2.4.2 Isothiocyanate as a Reactive Agent for Microspotting Array

Experiments.

In this section, the assessment of the chemical reactivity and the homogeneity of silanized
glass slides are performed. DNA microarray analysis is widely used for studying genome
data in life science. Microarray expression studies produces an enormous amount of
expression and other data, which is used in return to provide key insight into function and
interaction between molecules, strands or genes [399]. Microarray platforms and
experimental design are produced in various formats and models and most of them are
tailor-made regarding the application.

In this section, two experiments involving the evaluation of microarrays were performed:
First, in order to evaluate the reactivity of the ITC silane towards an
NH;-DNA-Fluorescein linker, the isothiocyanate group (ITCPTMS) is compared with a
commercially available epoxy-terminated slide used for common experiments of DNA
microarray analysis. Commercially available epoxy functionalized glass slides named
Nexterion Slides (Peglab, Germany) were tested against isothiocyanate functionalized
slides (thanks to Fabian Eber, Institute of Biology, Molecular biology and Plant virology
section, and Prof. Dr. Hauer and Beate ROssle-Lorch from Institute of Technical
Biochemistry, University of Stuttgart who kindly performed the analysis of the spotted
slides) and spotted using a microarray spotter robot (Microgrid II Microarrayer
Biorobotics, United States).

In a second experiment, a spotting machine at KIT (Genemachines Omnigrid 100, United
States) was used to spot several ITC-silanized glass slides with a 0.01 mM
NH;-Fluorescein solution (as described in previously sections), in order to characterize
the homogeneity of the ITC silanization in liquid for a defined concentration (3%
volume). The experimental objective includes not only the homogeneity assessment of the
coating of the ITCPTES on the glass substrates but also looks forward on providing a new
experimental process scalable for use with DNA and amino containing molecules on a

glass slide.
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DNA Oligonucleotide-Microarray Spotting. Comparison with Epoxy Functionalized
Slides.

In the first experiment, the spotting was done using an oligonucleotide holding an amine
terminal group on one end and a fluorophore Cy3 molecule on the other end (Metabion,
Germany). A comparison of fluorescence intensity between the ITC-terminated in-house
functionalized and the epoxy-functionalized commercially available slides is performed.
Two microarrays were spotted on each slide and then evaluated in a microscanner (Scan
Array Express PE Applied Biosystems (Weiterstadt,Deutschland)). For spotting, different
concentrations of the oligonucleotide in the spotting buffer from Peglab were used. The
arrangement of the spots is random and the grid is set by the software belonging to the
spotter. The arrangement with their respective concentration values are shown in Table
12. This matrix is ordered following a two-pin configuration for the spotting needle. As it
can be seen in the Table 12, two spots are printed with a defined fluoresceinamine
concentration followed by the next two spots with another concentration. This
configuration is the same for all the slides involved in this experiment. Three slides were
used in this test: 1 epoxy-coated commercially available glass slide and two

isothiocyanate-coated (in-house synthesized) glass slides.

Table 12.- Oligonucleotide concentration and random arrangement for microspotting comparison between
commercially available epoxy slides and isothiocyanate silanized slides.

2233445555?7 ] ;
Spot  Oligo Concentration

4 4 4 5 5 5 6 B 8B 7 7 7 1
6 7 7 |7 1 1 1 2 2 2 3 3 3 LD

2 2 3 3 3 4 4 4 5 5 5 & 6 0 Nothing
5 5§ 5 6 6 & 7 7 7 1 1 1 2 1 0

7 1 1 1 2 2 2 3 3 3 4 4 4

3 3 4 4 ¢ 5 5 5 B & 6 7 7 2 0,1

6 6 6 7 7 7 1 1 1 2 2 2 13 3 0.5

12 2 2 3 3 3 4 4 4 5 5 5

4 4 5 5 5 8B 6 B 7 7 7 1 1 4 1

7 7 7 1 11 2 2 2 3 3 3 4 3 5

2 3 3 3 4 4 4 5 5 5 6 6 8

5 5 6 6 6 7 7 7 1 1 1 2 2 6 10

1 1 1 2 2 2 3 3 3 4 4 4 5 7 20

The epoxy slide and one of the isothiocyanate slides were treated with a standard protocol

for microarray oligonucleotide coupling (see Appendix A). The other isothiocyanate
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functionalized slide remaining was treated according to Manning et al. [250, 251] (see
Appendix A) Fluorescence intensity was evaluated following the first protocol optimized
for the attachment of DNA oligonucleotides to an epoxy functional slide [400] shown in
Figure 52a, an isothiocyanate functionalized slide Figure 52b.

The results show very similar results and comparable spot size between the two types of
slides almost independent of the immobilization protocol followed.

The Figure 52c¢ shows the fluorescence result for the isothiocyanate silanized slide
following the protocol optimized for attachment of DNA onto glass. In all cases, the
bottom array (framed in red in Figure 52 a,b,c) is taken into consideration as the top array
shows on the third slide some smearing of the silane. When the concentrations of the
oligonucleotide exceed SuM in all cases a saturation signal can be seen and even if it is
increased further, the fluorescence signal remains reasonably the same. Therefore a
further analysis is done in the linear part of the graph in Figure 52 (inset). The results
show that the ITC-functionalized slides are capable of binding the
NH,-DNA-fluorescence with nearly the same amount of fluorophore molecules. For
example at a concentration of 0.5 uM of the fluorophore, the fluorescence intensity was
about 19% less than the commercial slide when it was treated with the Manning protocol
and if it is treated with the standard epoxy protocol, 5% less is obtained once the
concentration is increased to 5 uM of the DNA-fluorescent molecule (Figure 52d graph).
In the linear region the epoxy slide still shows a higher signal, but eventually it seems that
the isothiocyanate slide gets closer to its values once the concentration is increased. With
a little of optimization of the experimental variables (pH, temperature, concentration of
the fluorophore, concentration of the ITCPTES silane on the surface, etc.) a silane for
microarray oligonucleotide immobilization can be achieved with comparable results to

that of the epoxy-terminated commercially available slides.
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Figure 52.- Fluorescence evaluation of commercially available epoxy slides versus isothiocyanate in-house
prepared silane. a) Epoxy slide treated with a standard protocol for DNA coupling, b) ITC slide treated with
standard protocol as the epoxy slide and c) ITC slide treated with an optimized procedure for DNA coupling on
glass slides. On the graph (d) the results from the fluorescence evaluation are plotted as signal intensity in
arbitrary units versus concentration of the oligonucleotide used.

4.2.2.4.3 Assessment of Isothiocyanate Silanization Homogeneity Using
the Microarray Spotter Instrumentation.

The homogeneity of the silane layer on the substrate is important for applications in
fluorescence microscopy as well as in biological essays. Fluorescence experiments were
performed to determine the uniformity of the coating in case of a large sample (more than
1x1 cm?). In this experiment, several glass slides functionalized with ITC-silane

according to Zeira, et al. [35] were used and coupled with NH,-Fluorescein according to
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section 2.1.1.3 of this dissertation. The fluorescein experiments showed, that although on
a macroscale pattern (cm?®) the uniformity was not as expected, on a microscale (um? to 1

mm?) they confirm very good results (as shown in Figure 53).

Figure 53.- Microarray homogeneity experiments. Three regions were evaluated along the longitudinal axis of
three slides silanized the same way for statistical analysis. a) Slides used for the experiment, in order slide 1,2
and 3. On the right b) zoom-ins on Slide 2, on the framed areas.

This means, over the total area of a glass slide of around 5 x 3 cm, it cannot be assured
that a homogeneous monolayer of the silane will form under the conditions applied
(variable humidity, variable temperature, variable pressure, manufacturer variability of
the substrate, undetermined concentration of the in-house synthesized silane, etc.), but if
the glass slide is sectioned around 1x1 mm areas, then the coating might be proven
consistent enough to couple biomolecules on at least a 1x1 mm single region. On glass
with no fluorophore attached, background fluorescence due to the isothiocyanate is
slightly present. Four arrays of 30x15 points per array were placed onto each slide with
the same needle and from the same solution with aminofluorescein in aqueous buffer
solution. The concentration of the dye is 0.01 mM in a 9.0 pH buffer (Boric
acid/Potassium chloride/Sodium hydroxide). GenePix 4000B Microarray scanner
(Molecular Devices) was used to scan the glass slides and assign a fluorescence intensity
value, although with arbitrary units, the relative differences can be measured. The
experiment has been repeated three times with three different probes for statistical
analysis. An average of the spots on each row is calculated through the native software
from the microscanner maker (Genepix Pro 7.0) then plotted for each region. The slides
were treated simultaneously with the cleaning solutions, but silanized in three different

new flasks. The silane solution was created in a single flask and then distributed in the
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silanization flasks evenly. In this matter, the variability for the experiment is reduced to:
different glass containers for the silanization and different glass slides (manufacturer
variability of the slides). The rest of the conditions for each slide were kept equal. After
the silanization is done, the slides are taken to a local spotting machine (Genemachines
Omnigrid 100). Three regions can be recognized for each slide: the upper, middle and
bottom region represents three different regions for microscanner spotting. Each region
can be analyzed separately for each slide in order to assess the homogeneity behavior
within the array. Furthermore the values can be compared against the three arrays to
assess the homogeneity within the slides. Additionally the results are also normalized
within the slides, so it is possible to compare different parts within the three slides. The
analysis of the images in Figure 53 is carried out using the native software from the
microscanner (genepix pro 7.0). The three slides were analyzed using the same gain and
power of the lamp in order to be comparable and further assignment of the dots was done
manually if required.

To analyze how well the fluorescence intensity is distributed along the slide, the spots
were evaluated individually and their total intensity was plotted along its position in a
determined column-row. When analyzing the intra variation of the slides, it can be seen
along the longitudinal axis that the tendency does not extremely change either. A
difference can be seen at the lower end of the slides showing a higher variance from the
rest of the slide. The standard deviation is around 20-30 % of the mean value. The
fluorescence intensity of the spots remains almost constant along a single slide when
analyzed. A normalized plot is shown in Figure 54. Homogeneity will be assessed
according to whether the fluorescence is deviated from a mean value. In this case, for
each region of each sample, a mean value is calculated and all the data corresponding to
that array is then normalized against that mean value. The colors in the graph represent
how much they deviate from the mean value calculated. Red and green normalized values
represent similar fluorescence intensities within the slide. The three arrays are placed near
to each other on the plot to simulate the whole slide. On the X-axis the column position is
plotted (from 1-15), and on the Y-axis the row position is plotted (from 1-30). The z-

value is the normalized fluorescence intensity of the respective spot.
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Figure 54.- Normalized surface plot of Fluorescence intensity along the slide. On the Z-axis, the fluorescence
intensity, on the X-axis the column number and on the Y-axis the row number from 1 to 15 for each region of
each slide. a,b and c, corresponds to slide 1,2 and 3 of Figure 56 respectively.

From the experiment it can be seen in Figure 54 that there is a homogeneous tendency
within the I'TC-silanized slides towards the middle region (red and green color) and this
tendency is only valid when small areas are investigated (5x5 mm?). When examined, the
arrays show a slight tendency towards a higher fluorescence intensity when the position
of the spot is closer to the edges (either longitudinal or transversal). The results from the
three slides show that for all areas along the three slides, this behavior keeps constant
along the width of the slide.

When analyzing slide 1 (Figure 54a), the fluorescence intensity values are lower and less
uniform than on the other two, This observation can be appreciated better in Figure
54b&c, when comparing the first slide with the second and third one. On the third slide, a

more homogeneous part tends to be found in the center of the slide, while on the first

slide a higher degree of heterogeneity is found. This confirms that the silanization
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procedure is variable even when maintaining the same conditions. Wieringa [401] applied
amino functional silanes to glass surfaces and compared between microarray assay
performances of three different silane layer thicknesses (monolayer, 2-3 layers, and
multilayers) deposited using different techniques. He concluded, as other authors [42,
116, 122, 131, 136, 402], that the variability of the silane is inherent in the multiple
variables involved in the silanization procedures. Additionally DNA array technology
possesses many sources of technical variability that are an obstacle to obtaining high
quality data sets [403-405]. In order to reduce such data discrepancy, the need for
extremely homogeneous silane layers is essential. Such homogeneity can be attained
through one-molecule thick layer coverage of the silane on the glass surface, although
achieving complete monolayer coverage along big areas is very difficult. Thicker films
can have three-dimensional aggregate structures or “islands” of multilayers and hence
results in a large variability in the performance of the DNA assays. Therefore there is a
chance of incomplete coverage in the case of the monolayer coatings, and poor
reproducibility for multilayers coverage [403, 404].

Figure 55 shows the summary of the results from the homogeneity assessment

experiments.

Summary of results from uniformity experiments
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Figure 55.- Sumary of statistical analysis on fluorescence homogeneity experiments. This summarized results
are taken from the plotted intensity of each dot regarding their position along the slide as shown in Figure 53.

Alongside this evaluation, it is important to define some reasons for the inhomogeneous
coating from the isothiocyanate silane. The environmental factors such as humidity

influencing the experiments (around 60% r.H.) can also responsible for a higher

4-54



Novel Chemical Approach for the Site Selective Generation of Complex Self-Assembled Virus Derivatives

condensation rate of the silane on the open end of the silanization glass and further
inhomogeneity along the slide. A way to overcome these difficulties could be the use of a
chemical vapor deposition approach and enough time to form a well-ordered silane
monolayer. Exhaustive work has been already published in the search for a greater
homogeneity of silane monolayers [34, 102, 113] and questions such as the extent of
crosslinking among the molecules or the relative distribution of covalent bonds, hydrogen
bonds and electrostatic interactions are still yet to be solved. From the experiment there
can be concluded two main things: i) the slides hold variability within each other when
the fluorescence evaluation is performed (due to the inhomogeneous coating of the
ITCPTMS on larger areas) and ii) small areas of evaluation yields higher homogeneity
than larger ones, meaning that larger areas than 25 mm? will give a different fluorescent
intensity in average. Ambient humidity plays a very decisive role in the thickness of the
silane layer as remarked by Zhu et al. [34]. Therefore, very demanding conditions must

be implemented to create an extended monolayer.

4.2.2.4.4 Dip-Pen Nanolithograpy (DPN)

The chemical one-step coupling of the ITC-silane to the oxidic interface of the surface
offers the opportunity to apply a Dip Pen Nanolithography (DPN) technique to create
arrays of ITC-terminated spots on oxidic surfaces (specifically glass coverslips). With this
method not only the size and the distance between the functionalized spots can be reduced
to sub-micron dimension but also the density as well as the shape of the structures can be
varied arbitrarily accordingly to the needs of the experiment [89, 210, 406, 407]. The oily
texture of the silane makes it appropriate for this technique as the silane will slide through
the tip very slowly allowing a better control of the size of the drops deposited on the
substrate. For these experiments, the reason why the transfer of the silane was carried out
onto glass coverslips is that they are better suitable for any light-fluorescence-microscopy
examination afterwards as also it was the standard substrate used in the Dip pen machine.

In this section, Dip Pen Nanolithography was used to test the selectivity of highly ordered
functionalized areas in order to test the ability of the technique to immobilize either
particles or DNA molecules. The experimental setup for assessment of the reactivity of
the ITC silane towards the amino terminated molecules was carried out (as shown in

Figure 56) following two approaches: (a), fluorescence and AFM imaging of
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isothiocyanate silane spotted on samples treated with S-aminofluorescein were done and
(b) a second experiment involves the introduction of amino functionalized silica
nanoparticles with a diameter of approx. 50 nm, (kindly provided by Dr. Martin Silvestre,
from Franzreb research group, Karlsruhe). The particles were deposited by placing a drop
of solution containing the particles on top of the functional structured area and incubate it
in a humid chamber for 18 hours, washed extensively and then further examined by AFM.
The goal of this later experiment is to prove the specificity and reactivity towards
different amino functionalized particles and the ability of the isothiocyanate group to

immobilize eventually heavier and longer particles (such as TMV-like particles).

NH,-Fluorescein solution a)

T

TUAY,
ITCPTES. | # b)
RY

P

NHz—functionaIizéd nanoparticles

Figure 56.- Scheme for Dip Pen Nanolithography experiments. a) aminofluorescein deposition for assess of the
chemical reactivity of the ITC-group, and b) aminofunctionalized nanoparticles deposition selectively on
functionalized spots to address the ability of the ITCPTES to immobilize particles.

The experimental conditions are described in the protocol in section 3.1.1. Different
controlled humid conditions were examined under normal optical microscopy and under
AFM (20%, 30%, 40%, 50% r.H.). The result from the optical microscopy investigation
of the samples after spotting with the custom-made received ITCPTES using the DPN
technique before any treatment is shown in Figure 57. Fluorescence microscopy was
carried out instantaneously together with AFM investigations and is described in the

following chapter.
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30% r.H.

H
. 40%rH.

Figure 57.- Dark field light microscopy images from DPN received sample. All the samples were done following
the same procedure. Upper row of spots in the sample belong to 20% r.H increasing up to 50% r.H .

Fluorescence - AFM Investigation on DPN Immobilized ITC-Silane

The deposition of the microdrops of ITCPTES takes place when the cantilever tip is in
contact with the surface, and depending on the time the tip is in contact with the surface
the greater the amount of silane running down from the tip due to the humidity. The
alignment of the cantilevers along the chip was not perfect and therefore the distance of
the tips regarding the surfaces might hold small differences which can be seen in the
pattern in Figure 58 e.g. some patterns in the fluorescence image are brighter than others
due to the amount of silane deposited, due to the deflection of a single cantilever on that
line, due to the humidity of the chamber leading to a wider spreading of the spots, etc.
From the fluorescence investigation it can be noted that the features are created in a very
ordered way, and that coupling of fluoresceinamine occurs site selectively on the spotted
silane. For reference, the first row is the beginning of the production of the array and each
cantilever prints 5 spots before it moves forward with the next row. While the drops are
getting smaller within the array production as less amount of silane remains in the tips (as
shown in Figure 58b), the humidity increase (20-50% r.H.) keeps the drops growing in
diameter. This can be seen on the fluorescence image (Figure 58a&b) by the increase in
drop diameter when the humidity in the chamber is changed. To investigate the spots in

more detail, AFM investigations were carried out. Figure 58c&d shows the results of an
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AFM topographic investigation of drops with different sizes going from the top row to the
bottom row on a 5x5 pm array.

The AFM height profile (Figure 58c) shows that the silane has been polymerized. The
expected height for an ITC-silane monolayer is theoretically 1.5 nm. The silane spots in
this experiment possess an average height of 60 nm, which corresponds to a multilayer
formation (polymer interpenetrating network) because the silane is not washed away
immediately after the spotting, in order to avoid any unspecific smearing of the drops all
over the substrate.

Although the sample is still relatively heterogeneous regarding to spot sizes, the goal of a

chemical patterning with silane on a small scale is achieved nevertheless.

60nm 7
40nm-

20nm 4

Figure 58.- a) Fluorescence image of DPN produced spot array on sample 1. b) a 10x magnification picture
showing also the spotting patterns of the ITCPTES varying with the relative humidity of the chamber. AFM
topographic image of a random pattern in the 50% r.H. row on sample 1. On the top (c) a profile of the middle row
of the 5x5 array and bottom right (d) a topography AFM image of an aleatory patterned area.
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Morphological Examination of the Aminofunctionalized Nanoparticles Immobilized by

Patterning the Substrate with ITC — silane Using Dip Pen Nanolithograpy.

In the second part of the experiment the ability to couple amino functionalized silica
nanoparticles and further selectively attach them into the ordered arrays is investigated.
The experiment objective is to prove if the isothiocyanate silane chemistry is stable and
robust enough to be able to immobilize heavier particles (~50 nm diameter) and if the
immobilization is able to withstand ultrasonic rinsing and rinsing flows.

After the ITCPTES was spotted on a cover slide using DPN (Figure 57), the sample was
washed with water and methanol. Then it was dipped into a solution containing
iron-cored silica nanoparticles coated with 3-aminopropyltrimethoxysilane (Sigma
Aldrich, Germany) with a size distribution centered at 50 nm. The coverslip was placed
vertically to avoid any fixation of the particles just by gravity and subsequently
adsorption of the particles in the silane polymeric matrix.

In the experiment the attachment of the nano-particles on the ITCPTES silanized spotted
areas was demonstrated, but as the substrate also contained small silane residues (as
shown Figure 59b) the attachment of the particles was not highly selective. In Figure 59
the results from AFM topographical examination of the pattern is shown. The pattern
seems to be partially washed away by the particle solution and therefore the spots loose
the circular shape and additionally the height is reduced from 60 nm to 15 nm.
Nevertheless the ITCPTES spotted areas are able to allocate the particles in them. In
black, the dots are better recognizable on Figure 59c-d. They seem to belong to a different
material than the rest of the image. The ITC silane is also recognizable as different from
the surface (Figure 59c). In summary, the amino-functionalized-nanoparticle deposition
experiment on ITC silanized spots (using DPN) proved that it is possible to selectively
immobilize heavier particles. This is a helpful preliminary result in order to use of this
technique in the bio functionalization of surfaces by selectively immobilizing DNA-linker

on DPN-spotted coverslips for the subsequent TMV self-assembly process.
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Figure 59.- AFM topografical examination on a DPN array produced with isothiocyanate silane. a) images
from the sample 4 array after the washing and incubation step (ITCsilane sites on white). b) topographical
image of a random single spot before any treatment and washing is performed. c , d) filtered images using the
software to enhance the contrast between the particles and the substrate (in d) case the particles are shown in
black). Upper row a 25x25 micron scan area was selected (a,b) and on the lower row a 3x3 micron zoom on

4.2.3 Characterization of Physical and Chemical Properties of
Isothiocyanate-terminated Surfaces on Polymeric Substrates (PDMS).

To successfully transfer the silane chemistry to a polymer, it is necessary for the polymer
to fulfill some important conditions: i) a polymer resistant to the solvents of the silane is
required, ii) easiness to coat on a substrate or structure by casting and iii) ability to create
an oxidized surface.; in this case polydimethylsiloxane (PDMS) is a very common and
useful polymer which fulfill the previous requirements. The polymer is oxidized and then
the isothiocyanate silane chemistry can be transferred to the surface. This transfer of the
chemistry will be evaluated in the same way it has been done for the pure silica wafer

substrates.
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There are two ways to morphologically structure the PDMS: using spin coating, which
consist in an apparatus which rotates at specific angular speeds and has the ability to
effectively disperse a drop of a solvent placed on top of a sample across the surface in a
very homogeneous way, and the other way is to cast a polymer by use of a master
(previously created by other lithographic techniques, most commonly e-beam
lithography). In this way, polydimethylsiloxane can be casted in different shapes
according to the masters employed. In this work, AFM calibration grids and SERS-
analytic substrates have been used as useful and well-ordered masters for different uses.
In order to achieve a proper silanization on the polymer, ultraviolet irradiation combined
with an in situ production of ozone by two different wavelengths (184.9 and 253.7 nm) is
used for the treatment (the procedure is explained in chapter 3.1.2). After the exposure to
UV/Os3 the surface undergoes oxidation and radical attack as suggested by Egitto and
Matienzo [172].

A low pressure mercury lamp was used to produce ozone together with the UV emission
lamp. This lamp emits light in the 185 nm wavelength. Due to the strong absorption of
atmospheric oxygen molecules at 185 nm, they dissociate into atomic oxygen which in
turn reacts with molecular oxygen to form ozone. Both the atomic oxygen and ozone can
in this way react strongly to organic substances [408]. UV light produced by the lamp and
subsequently absorbed by polymers may produce free radicals, formation of excited
molecules or even some ions on the surface. Eventually the oxygen species will react with
the polymer (radicals, ions or molecules) releasing low molecular weight compounds, like
carbon dioxide, water or other small volatiles which can desorb from the interface.

In the case of PDMS, the treatment will not remove any organosilicon compounds but an
effective removal of the hydrocarbon part takes place while the silicon oxide remains on
the surface. A brittle thin layer of silica is then formed and with this several oxidic
species are present on the surface available for silanization [170]. In our experiments with
a single substrate sample, a selective irradiation is done by covering partially the surface
with a mask. For the evaluation of the topography and elastic modulus, half of the sample
is then activated with UV/O5; and silanized and the other half remains untreated. This
process is depicted in Figure 60.

AFM topography analysis has been performed to investigate the topography effect of the
irradiation on the polymer surface. Additionally force mapping experiments have been
performed to evaluate the change in the elastic modulus from the material. Three

properties have been evaluated in order to confirm the transfer of the ITCPTES to a

4-61



Carlos Azucena

PDMS: (1) wettability (contact angle), (2) elementary composition (XPS) and (3)
chemical reactivity (fluorescence microscopy). A final confirmation on the transfer of the
ITCPTES to the oxidized PDMS will be done with the bottom-up self-assembly of

tobacco mosaic virus in the next section.

‘U‘WO-’* ITC/silane

ROI

Figure 60.- Procedure of selective irradiation and further functionalization of PDMS. A non transparent mask
covers partially the substrate allowing the exposed part to be oxidized and transformed into a silica like layer
which in turn is isothiocyanate silanized. Afterwardss the evaluation takes place in the interface of the two
regions.

The mechanisms of the thermal, photo thermal and photochemical oxidation reactions
have been already systematically and thoroughly studied before [173-175, 177, 178, 180].
Generally it is suggested that the abstraction of hydrogen is the initial step. A methylene
radical reacts with oxygen to give a peroxy radical and rearranges in the silanol group. A
more detailed scheme of mechanisms responsible for the oxidation and further
hydrophobicity recovery of the polymer on the surface are shown in the introductory
chapter [162, 178, 409-416].

A plausible explanation about the mechanism and the way the PDMS is oxidized was

proposed by Delman et al. [415] and it is shown on the following simplified reaction

scheme.
0=0 —Y » o0’ / 0, (i
PDMS
CH, HO-O-CH,
mnSi—Oww 4 020" ——  wwnSi—Oww (i)
H3C CHj
HO-O-CH, OH
MASi—Oww  ———  wwSi—Oww 4 HC=0 (i
CH, CH,

Figure 61.- Reaction scheme for the PDMS irradiation process using an UV/O; lamp. i) the UV light at 185 nm
wavelenght transforms the oxygen in the air in reactive radical and ozone. ii) the ozone in combination with the
UV attacks the methyl group of the upper layer of crosslinked PDMS leading to formation of further oxidized
groups. iii) further reactions lead this oxidated species towards the formation of hydroxyl groups on the surface.
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It can be assumed that other species and intermediates arise during the oxidation process
(aldehydes, carboxylic acids and carbonyl groups) [187]. It can be expected that a very
small percentage of the converted methyl groups will remain in these forms while the
irradiation takes place. Surface oxidation by electrical discharge, plasma treatment or
UV/O; exposure, produce a silica-like layer on the polymer. However, the silicon
elastomer has the characteristic of recovery its original hydrophobicity once the treatment

ceases.

4231 Morphology and Roughness

Atomic force microscopy examination was performed on the substrate to evaluate how
the surface is changed morphologically after oxidation and further silanization. The
following image is an AFM topographical examination on the interface between the
protected non-irradiated area (Figure 62a) and the irradiated and ITCPTES silanized area
(Figure 62b). Figure 62b shows on the left a selectively irradiated half of the sample,
while the other half remains untreated by covering it with a silica wafer. Figure 62a & c,
a non-irradiated sample showing a wider area with a more pronounced flatness. The color
scales shown in the figure are within 5 nm range. In Figure 62b & d it can be observed
that the irradiation seems to affect the area in a microscopical way, modifying the surface.
A small trench appears in the middle of the scan as consequence of the surface reactions
taking place on the interface. Some of the features in the irradiated/silanized area remain
with a circular irregular shape due to the ultrasonic treatment during silanization. This
treatment creates micro jets which punch into the surface at high pressure perforating and
disrupting the brittle silica-like layer [417]. Phase imaging is also performed showing a
very defined shift in the phase of the irradiated area and the protected area (Figure 62d).
Similarly to the non-treated substrate (Figure 62a), the portion of the substrate been
protected from irradiation in the silanized sample (left area on Figure 62b), shows a
higher phase shift of approximately 140°.

When the silane is applied, partial hydrophobic recovery takes place and disrupts the
silica layer in addition to the condensation of the silane on the surface. This causes an
increase in the roughness of the substrate (3.2 nm) as shown in Table 13 where the values
are summarized. Roughness values after irradiation are comparable to those with silica.
As the PDMS was casted as a replica using a clean silica wafer, it is to be expected that

the flat non-treated PDMS substrate will have a roughness very close to that of the silica
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wafer from which it was created (980 picometers), but after the irradiation/oxidation
process, the homogeneity of the surface might increase as some of the polymer becomes
crystalline and resembles the silica wafer surface (218 picometers). The roughness of the
sample is comparable to the one from the silica wafer before and after silanization. An

island formation is also noticeable on the substrate.

Table 13.- Roughness data for the PDMS before and after UV/O; treatment with further isothiocyanate
silanization substrates.

Roughness Data Pure/no treatment ~ UV/O; treated ITC silanized
Parameter

RMS: 980 pm 250 pm 3.2 nm
Average Deviation: | 475 pm 218 pm 757 pm

pm

140
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Deg
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80

0 10 20 30 40 800 10 20 30 40 50

pm pm
Figure 62.- AFM topography images of PDMS substrate before (a) and after the irradiation with a UV/O;
chamber through a mask and further silanization (b). AFM phase contrast images are shown in the same
layout c) for non irratiated samples and d) after irradiated and ITC-silanized substrate.
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Phase imaging is very useful for this evaluation, in which the topographic analysis gives
no further information. By mapping the delay response of the cantilever oscillation during
the intermittent-contact scan, phase imaging can detect variations in composition,
adhesion, friction, viscoelasticity, and other properties. Unfortunately phase imaging
cannot identify the kind of material it is sensing (no chemical information), but it is still
very useful for producing contrasting areas on heterogeneous samples. The phase shift
can be thought as a delay in the oscillation as it moves up and down during a taping mode
scan while in and out of contact with the sample regarding to the free oscillation of the
cantilever in air. Garcia and Tamayo [418, 419] suggested that the phase in soft material
is sensitive enough to map adhesion forces and viscoelastic properties. On the phase
contrast image, topographic changes are not involved, and it is independent of the scan
size or the features sizes. In the following Figure 63, a phase image analysis of the same
experimental procedure but on a different sample is presented. On the left side, a non-
irradiated area, and on the right side, an area irradiated for 6 hours (not continuously) is
shown. A very pronounced shift between the treated and non-treated areas of around 20°
is in agreement with Garcia and Tamayo [418, 419] observations for soft samples. The
phase shift increases as the sample viscosity increases and the elastic modulus decreases.
Therefore a harder material should be found on the irradiated side which shows lower
phase shift (95°) than on the left side showing a higher shift (120°). This is shown in
Figure 63.
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Figure 63.- AFM phase contrast image of PDMS substrate before (a) and after the irradiation with a mask (b).
On the right, the picture can be divided furthermore in a irradiated area on the right and a protected area on

the left.
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Atomic Force Microscopy — Force Measurements

Further examination regarding the elastic properties of the material before and after
irradiation was performed. Force measurements were done with the help of the AFM
following the procedure from Bar et al. and Meincken et al. [420, 421]. The theory behind
this characterization is extensive and has been review by many authors [422-427],
therefore a very brief explanation will be given. When forces are measured in the
cantilever-surface system, five regimes and effects can be recognized. While the
cantilever is far away from the surface, there is no deflection affecting the cantilever and
the curves therefore are a constant line both during the approach and retract of the tip.
After the tip is getting in contact with the surface, repulsive and attractive forces will
interact with the tip. This will cause a “snap-in” effect on the cantilever towards the
surface. Afterwards, the tip is fully interacting with the surface and a constant compliance
deflection is measured by the photodetector. Once the cantilever is retracting, attractive
forces of the surface will cause the cantilever to deflect even at positions further from the
surface, as the ones when it first snapped into. This will mostly cause a negative
deflection on the cantilever and further when the force of the piezo overcomes the

adhesion force of the interface, the lever will “pull-off” suddenly (Figure 64).

Constant compliance region
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Figure 64.- Scheme of different regimes when recording an AFM force-distance curve. During the approach of
the cantilever onto the substrate, attractive forces cause a snap-in into the substrate, the piezo continue the hard
contact regime on the constant compliance region, and when it reaches the deflection set point, a retracting
movement is started. The adhesion force between the AFM tip and the substrate cause the bending of the
cantilever on the opposite direction until the force of the piezo retracting overcomes the adhesive forces.
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In contact, a difference between the approach and the retraction is caused typically by
plastic or elastic deformation of the substrate. Normally an elastic deformation should not
lead to a hysteresis of the compliance region. In case of non-treated PDMS a hysteresis
for the force-distance curve is found in the compliance region of the measurements (see
Figure 65 and Figure 66), probably due to an adhesion force between the cantilever and
the polymer and also the material is recovering slower than the retracting step of the
measurement. Additionally, adhesion work is found on the retraction movement of the
cantilever (gray area on Figure 64) bending the cantilever again with the opposite
curvature.

From the experiment, the adhesion force has been calculated following the routine
software of the microscope. The work of adhesion (W,) is proportional to the force F,q as

the following equation suggest:

Fiq
W,, = 2% 7
ad 2k, )

where k. is the spring constant of the cantilever.
The higher the work of adhesion the higher the forces of tip-substrate adhesion force. The
specific parameters used for the calculation of this adhesion force experiment, work of

adhesion, and further elastic modulus are shown in Table 14

Table 14.- AFM parameters used for calibration of the system in order to perform force-distance measurements.
Microscope parameter  Value Explanation/ comment

Virtual deflection is a mechanical coupling of the

deflection signal with the Z movement. Mostly calculated

Virtual deflection -16.71 mV/um in air.
In Hooke's law the stress is directly proportional to strain
Spring constant 9.97 nN/nm F=-kx (where k is the spring constant)

Inverse optical lever sensitivity. Measurement of how
much the voltage measured by a position sensitive

Deflection InvOLS 53.25 nm/V detector varies with the displacement of the cantilever.
Value at which the piezoelectric device switch directions
Trigger point 200 mV from approaching to retracting.

The force is calculated automatically by the following formula [428] using the

microscope dedicated software:

Force (nN)= spring constant (nN/nm) - DefllnvOLS (nm/V) - set point (V) (8)
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To characterize the two different areas on the surface and their differences at the same
time, a force mapping was done on the boundary between the treated and non-treated
areas. As expected the functionalized area produces higher adhesion forces than the non-
treated area. This might be due to the transformation from the highly hydrophobic surface
into a more hydrophilic surface after the irradiation which attracts more the silicon oxide
tip towards it. In Figure 65 two different values of adhesion work correspondingly to the
non-irradiated and the irradiated/silanized areas respectively, can be observed. As
discussed before, the phase image (reference to Figure 62d or Figure 65b) gives proper
information about the region which has been functionalized (left one). A force mapping is
carried out by acquiring a force curve for each point in a matrix (Figure 65c¢). The map
consists of 10000 points taken (100 lines and 100 point per line) of a single force
measurement as explained before and plotted into a graph (Figure 65¢). The maximum
distance the cantilever travels once it is in contact with the surface — which induces the
cantilever to deflect up to a certain set point- was limited via the dedicated software. The
set point for a trigger point in which the cantilever should retract was 200 mV signal of
the photodiode. The deflection of the cantilever reaches the set point for deflection earlier
on the treated region (steeper slope) than on the untreated (gradual slope), due to the

harder material posing a higher resistance on the cantilever.
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Figure 65.- Force mapping of a partially irradiated and silanized PDMS substrate. a) topographic image of
the area in study, b)phase contrast image and c)force mapping image taken from the adhesion force
calculated on the surface. On the left, curves taken randomly to show the force and adhesion on the
cantilever after treatment. On the right, a non-treated area curves showing a higher elastic deformation
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Each graph corresponds to a randomly taken single point in the force measurement map
and gives information on the adhesion work of the cantilever with the surface. When this
information (work of adhesion) is extracted from each point, then a plot of the adhesion
forces can be done, which describes numerically the property change in the two areas
(irradiated and non-irradiate). On the following graph (Figure 66), the two regions were
plotted. 10 points were taken from each line at the beginning and then 10 points were
taken at the end (total 1000 point per region of interest) in order to be sure that the areas
are well separated between each other in the calculations. This is to exclude the transition
zone between the non-irradiated and irradiated/silanized areas, and a proper evaluation
can be performed. A smooth force acquisition graph was obtained from the pure untreated
polymer, while that from the treated and isothiocyanate silanized area was somehow
chaotic. This irregular behavior on the silane might be explained by three important
factors: 1) due to the hydrophobic recovery of the polymer with the time (also studied in
the next section), ii) due to the lack of a complete silanization of the whole surface and
iii) the pitting process taking place whenever the surface was exposed to the ultrasonic
treatment involved in the silanization procedure (see chapter 3.1.1). It is important to
remember that although the silica layer behaves like that of a polished wafer, it is less
dense in hydroxyls than a pure silica crystal, and therefore lower attachment of silane is
achievable. Although a silanization prevents the recovery of the hydrophobicity, there are
regions where the silane is not effective (as we discuss previously).

As the histogram in Figure 66 shows a bimodal distribution can be seen from the data set:
a first sharp amount of data corresponding to the non-treated area (light blue) showing an
average adhesion force of 190 nm and second, a wider - but still normally distributed - set
of data belonging to the irradiated area (orange) showing a 330 nN average adhesion
force (Figure 66a). The transition between these two areas is also noticeable in the force
map. This higher adhesion work/force can be explained by the formation of a water layer
on top of the treated area as the silane produces a more hydrophilic surface than the non-
treated PDMS. As this layer increase regarding a more hydrophilic interaction, then the
cantilever feels not only the interaction with the surface itself but also with relatively
higher capillary forces attaching the lever onto the surface stronger. It can be also noted,
that on the compliance region of all curves, a steeper slope is found on the treated
material than on the untreated region.

When the points are plotted in a single graph as shown in Figure 66b, a clear tendency

can be withdrawn from the plot. The light blue curve, belonging to the non-irradiated
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PDMS behaves initially linear with a very small slope. When analyzing the
irradiated/ITC-silanized area, a steeper slope can be appreciated as the measurements are
drawn towards the more homogeneous irradiated area (away from the non-irradiated
PDMS region). A non-linearity trend at the beginning of the curve (orange) can be due to
the proximity to the transitional area. A clear difference of approximately 140 nN in
average can be seen between the two sets of data when the adhesion force was measured.
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Figure 66.- Statistical analysis for two regions of the substrate. on a) a histogram show the adhesion force
bi-modal distribution of the force along the sample on the silanized area and the non-treated area. b) shows
the adhesion force variation along the y-axis of the measured force plot. The number of points label increase
in vertical downward direction.
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From this approach, the force measurements not only provide information about the
adhesion forces between the surface and the cantilever tip, but also can provide some
information about the elasticity of the material once the cantilever geometry is known.
The stiffness of a material is measured commonly by the Young’s Modulus. It is defined
as the normal stress (restoring force caused due to the deformation divided by the area on
which the force is applied) divided by the linear strain (ratio of the change caused by the
stress to the original state of the object) when a force is applied to them [429]. In order to
calculate the elastic modulus, an internal software routine following the Hertz model has
been performed. According to the Hertz model [430], for indentation of a flat smooth
substrate by a rigid, spherical indenter, the elastic modulus of the substrate can be
obtained from indentation load—displacement curves as follows:

S3(l-\12)2

Eu=
H 6RP

©)

where Ey is the elastic modulus of the substrate, v is the Poisson's ratio of the polymer
(related to the longitudinal elastic deformation produced by a simple tensile or
compressive stress to the lateral deformation that happens at the same time) (v =~ (0.5 for
PDMS [431]), R is the nominal radius of curvature of the indenter tip (R= 10 nm), P is the
applied load, and S is the material stiffness (S = dP / dh) evaluated at P. The tip used was
a silicon nitride conical tip NSC-35 with a 40° full cone angle. The classic Hertz's model
is a hard contact model that does not take adhesive interactions into account. It can be
expected a certain error from the model, but nevertheless, the important information is the
relative change between the irradiated and the non-irradiated areas about 1 order of
magnitude. Even though the technique has been successfully applied to estimate elastic
and elastic—plastic properties of hard materials, it still requires further validation and
suitable correction for soft materials to obtain accurate and reproducible results [432-
436]. A better model for the calculation of the elastic modulus should be represented by
the JKR equation which corrects for adhesion effects and viscoelastic materials [432,
437]. Although JKR calculations are not performed in this work (as it is out of the scope
of the study) important information can be withdrawn from the experiment as there are
pronounced changes in the elastic properties of the material. In Figure 67 the results from
Young’s modulus calculations are shown. Figure 67a shows the resulting elastic modulus
map plotted when the adhesion force map is transformed using Eq. 7. The profile in
Figure 67b shows the transition region between the two areas. A harder region is shown

on the right of the mapping of elastic modulus and a softer region is shown on the left,
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corresponding to the untreated PDMS (Figure 67b). When the two outermost borders are
taken into account and the profile values plotted along the vertical axis (Figure 67c¢), in a
similar procedure as the previous section, a clear difference between the harder region
and the softer region is found. While the treated/silanized area showed a 17.7 MPa elastic
modulus (comparable to those in which the PDMS has been treated with a hard coat)
[438], on the non-irradiated area, a calculated young modulus of average 1.7 MPa is
found. This value is in good agreement with literature, reported as 1.5 MPa for Young’s
modulus of the PDMS [434, 435, 438, 439]. In summary, adhesion and hardness increase
in the irradiated/silanized area confirming the formation of a brittle silica-like layer when
the PDMS elastomer is exposed to an UV/Oj irradiation process. This result is also

supported by the XPS evaluations done in the following section.
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Figure 67.- Elastic Modulus map from selective irradiation on PDMS substrate. In accordance to Gupta et al. a)
the right area is a softer region with a 1.6 MPa elastic modulus and on the left side a harder material with around
16 MPa elastic modulus. b) shows a profile calculation along the red line, showing the irrradiated region as a
higher young modulus zone, plus the transitional region where the surface change gradually its elasticity and the
soft non-irradiated area. on c) it can be seen the average plot of the elastic modulus values along the two outer
borders of the image as they are the most representative for their own areas of material properties.
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423.2 Wettability

In this section the change in the wettability properties on the oxidized surface of PDMS is
discussed. As explained in the previous sections, a silica-like thin layer is produced when
the PDMS is exposed to ultraviolet/ozone treatment [157]. This produces a decrease in
the contact angle (hydrophilic behavior) as more hydroxyl groups are present on the
surface due to the oxidation and eventual replacement of the methyl groups of the PDMS
polymer. Several authors have studied these phenomena towards a better sealing effect in
microfluidic devices, surface functionality and compatibility with aqueous solutions [207,
420, 440-442]. The irradiated surface can be schematically represented by the following
Figure 68. During the irradiation, the polymer is oxidized and some longer chains are split
into smaller chains which migrate towards the air-polymer interface. The smaller chains
are further oxidized and their methyl groups are replaced by hydroxyl groups which in
turn crosslink into an oxidic layer (silica-like). This process fluctuate nanoscopically over
the complete substrate although when the surface is submitted to a macroscopical
investigation, such as contact angle or fluorescence microscopy, the differences are not
noticeable. As the layer of silica is just a few nanometers thick (<10 nm when the
irradiation time is about 30 min) some non-crosslinked low molecular weight (LMV)
chains will migrate through the cracks in the surface promoting a hydrophobicity

recovery of the substrate [207].
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Figure 68.- Schematic representation of the PDMS surface after irradiation. It depicts the presence of different
zones, from crystalline (silica-like layer) to amorphous (bulk polymer). The chain scission zone is ultimately
responsible for the hydrophobicity recovery of the material with time.
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Contact angle measurements were performed in a PDMS coated glass slide according to
the experiments previously carried out for the silanization of glass surfaces. Millipore
water droplets (9) were placed in the middle along the longitudinal axis of the slide
(similar to the experimental set up carried out for the contact angle measurements on
silica wafers and cleaned glass slides (see section 3.1.1.2). The contact angle of the nine
points were measured as a function of time (30 min, 60 min, 90 min, 120 min, 240 min,
and longer times such as 3.5 days, 7 days, 10 days and 14 days) and afterwards the angles
were averaged to produce a single value which is then plotted in the graph. Figure 69
shows the follow up experiment on the hydrophobicity recovery on a PDMS coated glass
slide. The coating is about 1 mm thick to avoid any interaction of the glass on the contact
angle measurements and the oxidized silica-like layer is expected to be about 10 nm.
After the irradiation the substrates were characterized by the sessile contact angle method.
An almost linear behavior in the contact angle measured points can be observed when the
substrate is evaluated in the first two hours. The results are very similar to those reported
in literature [207, 440, 441, 443]. With the time, a non-linear recovery can be observed.
In the inset graph on the Figure 69, a zoom in the two first hours of the recovery after
irradiation is shown. The Y-axis belongs to both graphs, and the X-axis of the inset is
stretched to prove the linear increase of the contact angle with increasing time.

Contact Angle Measurements on PDMS Coated Glass Slides
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Figure 69.- Contact angle on PDMS coated glass slide irradiadet with UV-light showing the hydrophobicity
recovery over time after irradiation. In the first two hours the migration of low molecular fragments is more
pronounced and the increase flats over time. Inset: linear behavior from recovery in the first two hours. After
that, the recovery was slowed down significantly. In the inset, the x-axis has been stretched . The y-axis is the
same for both graphs.
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For PDMS without any treatment, an average contact angle of 110° £ 10 was determined
using the water sessile drop method which agrees with other authors who have
investigated the polymer in more depth [444-446]. Irradiated PDMS after 1 hour of
UV/O; treatment yield a contact angle below 5° (the instrument is not able to measure
lower contact angles accurately). Hydrophobic recovery was already found in this
shortly-irradiated sample after 30 minutes (22 ° + 2) as suggested also in literature. The
steep increase in the contact angle (and therefore the decrease in hydroxyls available)
with time could be disadvantageous for the silane treatment as this one needs at least two
hours for completion.

Consequently to avoid the effect of poor silanization on the PDMS, the strategy followed
to countermeasure the hydrophobicity recovery was carried out as follows: after the first
two hours of irradiation, a pause of 1 hour is done and later another irradiation period of
two hours is performed again. This process is repeated 5 times in order to create not only
a thicker silica-like thin film but also to irradiate and further oxidize the material from the
LMW chains emerging to the surface (intermittent irradiation method)

In the same manner, once the sample is irradiated for the last time, the isothiocyanate
silane is coupled to the newly created silica-like layer. The attachment of the
isothiocyanate silane reduces the free energy of the surface hindering the hydrophobic

recovery of the surface.

4.23.3 Elementary Composition

To prove that the SiO; established on top of the PDMS behaves chemically identical to
the SiO, wafer [158, 170, 447] XPS experiments were carried out on PDMS coated
surfaces before and after irradiation/silanization. The thickness of the layer of PDMS on
top of the substrates was approximately 500 microns. Afterwards, selective irradiation
was done in this case on the whole substrate and later silanized with
3-isothiocyanatepropyltriethoxysilane. The analysis indicated large changes in chemical
composition of the sample. PDMS composition by atomic percentage before irradiation,
after irradiation and after silanization is shown on Table 15. It has to be noted that the
XPS cannot be completely regarded as a quantitative technique to assess the change in the
elementary composition of the surface. Therefore the measurements were done on
different samples in different occasions, but carefully keeping the conditions for the

irradiation and silanization for all of them constant.
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Table 15.- PDMS composition by atomic percentage before irradiation, after irradiation and after silanization.
The representative samples are marked in different colors.

Time of silanization  C (at.%) O (at%)  Si(at%)
PDMS Theoretical 50 25 25
PDMS measured 41.1 29 29.9
PDMS irrad. 120 min 13.1 57.5 27.4
PDMS after ITCPTES | 2 hours 21.33 48.4 25.9

The carbon atomic percentage decreases with the UV irradiation considerably. After 120
minutes under intermittent irradiation, from a starting point of 41.1%, the lowest content
was around 13.15%. It can be noticed, that after the silanization, the C 1s signal increased
again, up to 21.3% (on 2 h silanization time). Part of this carbon measured is due to
adventitious carbon, present in any sample exposed previously to air. The reduction on
the carbon content on the surface is due to the removal of the methyl groups on the
surface and the partial replacement from them with hydroxyl groups as proposed by
several authors [176, 440, 442, 443].

Additionally the values from oxygen and silica are found in a 1:1 (O:Si) atomic
percentage proportion when measured, although the concentration is higher (29%) than
that expected theoretically (25%). After irradiation the ratio between them increases up to
a 2:1 (O:Si) proportion which would correspond to a composition related to silicon oxide.
Silicon 1s peak shifts from a 102.4 eV up to a value of 103.8 eV after the irradiation,
corresponding very close to a measurement of SiO, quartz powder [448, 449] and
eventually ending at a 103.5 eV after the silanization procedure.

Oxygen 1s spectra show a peak at 532.9 eV before any treatment, which shifts to a 533.3
eV after UV/O3 treatment and have a final value at 533.0 eV after the silane reacted with
the surface. This peak position corresponds very well with published data [158], before
and after the treatment of irradiated PDMS with ITCPTMS. In Figure 70, the C Is, N 1s
and S 2p signals before (Figure 70d, e and f) and after silanization (Figure 70a, b and c)
are shown. The presence of nitrogen and sulfur in the spectra of the silanized PDMS
(Figure 70b and Figure 70c) relative to the non-treated PDMS (Figure 70e and Figure 70f,
respectively) confirms the functionalization of the surface with the isothiocyanate group.
The measurements show a slight broadening of the C 1s scans of the spectra after

silanization, meaning that possibly a change in the orbital environment of the atom. The
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spectra have been deconvoluted [450, 451] to investigate different species in a spectrum
e.g. rise of other oxidic components of carbon, such as aldehydes, carboxylic acid and
carbonyl groups [452]. C 1s peak (Figure 70a) can be deconvoluted in several
components: 285,0 eV (C-C, C-H), 286,7 eV (C-O, C-N), 287,8 eV (N=C=S) and 289,4
eV (0O-C=0) which are in agreement to the experiments of Graf [386]. These
components indicate the presence of ITCPMS but show an oxidation of the molecule, too.
The S 2p doublet at 163,2 eV shows the presence of isothiocyanate whereas the doublet at
169,0 eV (Figure 70c) is also a hint at oxidation [388] but behaves similar to the S 2p
doublet found for the silica wafer isothiocyanate silanization when examined.

In this case the N 1s peak (Figure 70b) can be deconvoluted into two components, one
near 402,8 eV that is characteristic of protonated [453] primary amino groups, and
another at 400.6 eV that can be attributed to the —N=C=S bond [386, 389]. The electrons
in the isothiocyanate group might be partially delocalized between the -N=C=S group
[454-457]

normalized intensity [a.u.]

290 288 286 284 282 4045 4025 400.5 3985 3965172 170 168 166 164 162 160
binding energy [eV]

Figure 70.- X-ray photoelectron spectra of substrates ITC-functionalized PDMS (a,b,c), and non-treated PDMS
(d, e, f) respectively. For all graphs, the vertical axis is expressed in arbitrary units on normalized intensity.

4234 Chemical Functionality

Fluorescence Evaluation of PDMS Silanization
Furthermore, fluorescence microscopy was used as a fast method to check if the transfer
of the chemistry onto the surface was successful. Aminofluorescein (NH,-F) and an

amino modified DNA-oligonucleotide with a fluorescent marker were used as labeling
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agent. When it is coupled, a delocalization of the electrons takes place, resulting in a
fluorescence intensity which is higher than in the case of non-coupled dye. This ability
provides straightforward information when the coupling has been successful or not. The
scheme for the experimental procedure to carry out the fluorescence assessment is shown
in Figure 71. First a flat PDMS untreated surface is produced and irradiated through a
mask. Afterwards the oxidized areas are silanized with ITCPTMS immediately after they
are taken out from the UV/O3; chamber. After two hours of silanization, the sample is

dipped into a solution 1mM of fluoresceinamine in an aqueous buffer at pH 9.0.
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Figure 71.- Scheme of polydimethylsiloxane (PDMS) substrate treated and silanized with isothiocyanate groups,
with subsequent fluoresceinamine coupling.

Two procedures for the NH,-F coupling were used: i) The sample was dipped in an
aminofluorescein solution, left for 30 minutes and then rinsed with water and buffer
solution and ii) a drop of aminofluorescein was added on top of the substrate, left for 30
minutes and then rinsed thoroughly with water and buffer solution.

A secondary objective from the experiment was to assess the physisorption of the NH,-F
onto the substrate.

A selective irradiation was performed using a transmission electron microscope grid. Two
experiments with different types of masks were carried out: irradiation with (1) a mixed
mesh copper grid with 30-90 mesh and (2) a copper grid with 200 mesh.

After the irradiation with the mixed mesh grid, the mask was removed and the substrate
was put into contact with the fluorophore by dipping it into the solution containing the
aminofluorescein. These results can be seen on Figure 72 (a,b,c) which shows the
difference in the fluorescent image between the irradiated/silanized PDMS and the
pristine PDMS. In Figure 72a, due to the higher magnification, the spacing between the
features is better resolved. This gives the impression that the areas protected by the grid
are also fluorescent, but the evaluation along the picture (done with ImageJ in Figure 72d)

shows that the contrast between the modified areas and the pristine PDMS in (a), (b) and
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(c) is comparatively the same. In Figure 72c, there is an area showing slightly dimmed

fluorescence intensity, this is due to photo bleaching on this area when using a higher

magnification lens.

a)

Mixed mesh
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Figure 72.- Fluorescence image of aminofluorescein coupled to a PDMS substrate selecively irradiated through
a TEM grid as a mask. The grid was removed before addition of the dye by completely dippimg the substrate
into the flurophore solution a) 60x magnification, b) 40x magnification and c¢) 10x magnification. d)
fluorescence intensity profile along the lines. It can be noted that although the brightness of the images are
different between each other, the contrast between the functionalized and the non-functionalized remains
similar.

For the second experiment (Figure 73), a drop of the fluorescein was added exclusively
on the center of the pattern created by the irradiation using the 200 mesh copper grid as a
mask. The purpose of this experiment was to assess the physisorption of the
aminofluorescein when coupled just in certain areas (in the same way as it would be done
with the DNA-linker in the forthcoming experiments in section 4.2.4). For this test, a grid
of 200 mesh was used (average size per square is 60 um x 60 pm). The grid was removed
in advance, so there would not be any interaction between the grid and the non-irradiated
areas which might lead to an undesired adsorption of NH»-F on the areas in between. It
can be seen that the drop (1 ul) follows partially the grid structure of the mask in the same

orientation as the grid (Figure 73a,b). A contrast between the irradiated and non-irradiated

4-79



Carlos Azucena

area can be seen for both areas: the non-fluorescence labeled and those wetted by the
NH;,-F containing drop. Those areas which were irradiated and ITC-silanized show
significantly less fluorescence (which is produced by the ITC silane) than those areas

where the fluorophore was added (Figure 73c).

HR 24
200 MESH
PITCH 127 pm
Cu/Rh, Ni, Au

Figure 73.- Fluorescence image of PDMS irradiated through a grid and after the addition of a small drop (<1pl)
of aminofluorescein to the center of the patterned area. The borders of the drop can be seen. The drop followed
a square shape as the drop followed the grid pattern. a) top region of the drop, b) upper-right region and c)
center region of the treated area.

In the least experiment, those patterned areas which were not in contact with the
fluorophore solution can act as negative controls where no reaction on the surface took
place. Additionally, where the drop was in contact with the patterned surface, there are
still darker areas which were protected by the grid of irradiation. These areas set up the
positive controls. Depending on the positioning of the masking grid — which has a curved
side and a flat side- some irradiation penetrates partially the masking areas activating the
partially protected areas in between the squares. This is more evident when the grid is
placed on the curved side. This two experiments show the ability of the ITC-silane to be
placed selectively and that it is subsequently used for attachment of an amino terminated
fluorophore compound. The different sequences of addition of the dye or removal of the
grid, point to the conclusion that the process is relatively independent of the order, but
mostly dependent of the reactive pair of functional groups (ITC — NH,).

Further experiments using the fluorescent microscopy evaluation in combination with
AFM topographical examination on the same area were performed to check if the

reactivity was linked with some change in the surface topography of the polymer even

before the PDMS is irradiated or if it was related to some physisorptive effect of the
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elastomer. In this case, a new digital video disk (DVD) was used as a master for casting
the PDMS. The DVD possesses a 500 nm pitch with a 100 nm depth trench pattern when
it is new. As in the previous experiments for AFM investigation of adhesion forces on the
polymer (see section 4.2.3.1), the substrate was irradiated covering one half of the
sample with a mask and irradiating for 1 hour. Afterwards the sample was ITC-silanized
and incubated for 5 minutes in aminofluorescein. The experiment showed that the
fluorescence was increased on the irradiated side, indicating the higher adsorption on the
irradiated areas for the fluorophore. This is shown in more detail in Figure 74. The AFM
topography doesn’t show a significant difference between the irradiated/silanized and the
non-irradiated PDMS surface. The phase contrast image produced from the AFM when
the intermittent contact mode is used, show a well-defined transformation of the
irradiated side. The phase changes by approximately 20° after irradiation (see section
4.2.3.1) are in agreement with the observation done by Tamayo et al. [418, 419]. The
morphologically pre-structured polymer (PDMS) behaves in exactly the same way. If the
structured features are exposed to the UV/Oj irradiation, then the oxidation process will
take place independently of the shape of the substrate. In this way, a double structuring
technique can be applied: a morphological structure using a preformed master as casting
model, and then a chemical activation done by the site-selective irradiation on the surface
through a mask by UV/Ozone with the subsequent formation of the silica-like layer on

those defined areas of the substrate.

PDMS masked Amino-terminated
fluorophore

irradiation Silica Layer formation

Figure 74.- AFM images (a,b) and fluorescence image (c) of structured and partly irradiated PDMS substrate.
a) shows a topographic image of the two regions (indistinguishable by height), b) a phase contrast image is
shown, on which the right side is a irradiated and silanized region and the left side is the non-treated area. c)
fluorescence image after coupling of aminofluorescein on the silanized isothiocyanate side. The pre-structured
substrate was casted from a DVD which possess typically a wavy pattern with 500 nm pitch and 100 nm depth
in the trenches.
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4.2.4 Application of Isothiocyanate-Based Silane Chemistry for Bottom-Up
Assembly of Self-Assembled Tobacco Mosaic Virus.

In this section the use of the isothiocyanate chemistry to covalently bind Tobacco mosaic
virus-like particles (TMV) in a similar way to the process done for the aldehyde
terminated surfaces is presented. As discussed before isothiocyanates are well known in
biochemistry for their strong coupling to amino groups in biomolecules.

In the scheme on Figure 75, the different steps involved in the modification of the
substrates for biofunctionalization are shown. On a surface which is functionalized with a
biological compatible isothiocyanate terminated silane a DNA linker possessing an amino
terminus is bounded via covalent bond to the surface by forming a thiourea bond. RNA is
then with the DNA-oligonucleotide linked by hybridization, and afterwards, by the
addition of coat protein (CP), the self-assembly process is initiated, resulting finally in a
TMV-like particle fixed to the substrate. As both the 5’ end of the RNA and the CPs can
be functionalized before the assembly process a big variety of different sequences of CPs
can be prepared (“bio barcode”) and — after assembly — the functionalized 5° end of the

RNA can be “capped” with further molecules or functional groups.
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Figure 75.- Scheme of site-selective bottom-up self-assembly process of TMV-like particles on an oxidic
functionalized surface. The 5’ end of the viral RNA can be functionalized with additional chemicla functions
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As this is one of the most important aspects of the dissertation it will be discussed in more
detail throughout two experiments using different substrates. In the first part, the principle
is tested by performing a self-assembly of TMV-like particles on homogeneously coated
silica wafer functionalized with the isothiocyanate silane. Using Dip Pen
Nanolithography as a selective simple chemical structuring technique to allocate the
TMV-like rods on specific places is examined and the site selectivity is assessed on flat
surfaces. In the second part, the transfer of the chemistry is done and further assembly is

tested on a polymeric surface as previously explained in section 3.1.2.

4241 Homogeneously Coated Oxidic Substrates

Three main topics were addressed to analyze the compatibility of the TMV assembly on
silica substrates. It is necessary to assess the role of the ITC silane on the system, as it is
the binding anchor for the TMV-like particle self-assembly driven by the RNA and DNA
assembly. A first experiment evaluates the minimum time necessary for the silane to
couple on the surface in order to bind properly the DNA-linker and subsequently perform
the TMV-like particle assembly.

Second, once the optimized parameters for the ITC-silanization were determined, an
experiment of the hybridization time required for a complete virus-like particle to
assembly is carried out. In this experiment, the TMV assembly is interrupted at
determined intervals and characterized by AFM.

Third, continuing with the assessment of the silane and its role on the experiment, a
comparison is made between the two silanes with the same functional group: one
fabricated in house (ITCPTMS) and the other custom-made from a company (ABCR,
Germany) (ITCPTES). This will provide information about the role of the ITC-group and
its reactivity towards the DNA-linker, while it is produced in house (fresh) or if it is
custom made (aged) as well as the influence of the tail groups on the assembly of the
silane and subsequently growth of the TMV on the surface (methoxy groups for in-house
synthesized ITC silane and ethoxy groups for custom made ITC silane). Taking into
account the information provided by the previous experiments, an optimization of the
bottom-up assembly procedure is done and statistical analysis similar to that of the
aldehyde-chemistry is performed.

Additionally the role of the DNA-linker is also assessed simultaneously in a simple way

every time an experiment is performed. The DNA-linker possesses a complementary
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strand specially coded for the RNA strand of the TMV-like particles. In the experiments
described in the following, the DNA is spotted by placing a 2.5 ul drop of the solution on

the center of the substrate.

Influence of Silanization Time on the Bottom-Up Self-Assembly of Viral Particles.

In the experiments described in the following the time of silanization was varied between
30 s, 120 s and 15 min respectively. DNA coupling was carried out by covering
completely the surface of the ITC-silanized sample with the DNA-solution. The samples
were treated keeping the time for hybridization constant (16h) and — for negative control -
omitting of one of the preparation steps. Table 16 shows the overview of the 18 samples
prepared. To differentiate between the samples which were silanized for different times,
the index of the silanization time is used as subscripts (e.g2. Asps, A120s, Aismin €tC.) Three
samples were prepared in the same way for each set of conditions. Sample sets A, B, D
and E are negative controls. They either lack of RNA or CP treatment which is vital for
the formation of TMVs as they are the two constituents of the rods. The two samples
which should present in any extent the formation of particles are sample sets C and F.
Both were prepared under experimental conditions suitable for a normal assembly
(RNA+CP) whereby in the case of the sample set F a blocking procedure of the non-
reacted, active ITC-termini after the DNA incubation took place. The layout for the
experiment is shown on Table 16

Table 16.- Experimental layout to assess the proper silanization time for TMV virus assembly and further

controls. A,B,D,E are negative controls as neither RNA nor CP is present in the experiment. Samples C and F
have the minimum required conditions for a complete assembly on the substrate.

Silanization Time Wafer code  Blocked +RNA +CP
A - - -

B - + -

i C - + +

(30s, 60s, 15min)

D + - -

E + + -

F + + +

From the experiments, it can be withdrawn that the silanization is vital to a proper binding
of the DNA on the surface and subsequently the RNA attachment. Figure 76 summarizes
the results from this set of experiments in an array of topographic AFM images. There

was no visible rod found in the samples which had no RNA or CP (sample sets A, B, D,
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E). Along the experimental set up, just two types of samples should render a TMV-like
particle. From Table 16 it can be seen that sample sets C and F fulfill the requirements for
a complete bottom up self-assembly of the particles. Indeed there were just 3 samples
(Cismin, Feos and Fismin) which showed virus-like particles according to the estimated
length and width and they are in agreement for what would be expected from the layout
of the experiment (see Table 16). In the rest of the substrates, also an increase of the
surface roughness is observed. The color scale has been normalized to 30 nm and no
offset in color is applied on the images. In the first rows Asgs, 1205, 15m and Bsgs, 1205, 15m @
less contaminated result of the substrate is observed. In samples Csgs, 1205, 15m  an
increased deposition of impurities is observed. They come probably from the buffers, the
RNA or CP solutions and cleaning solutions. In the C row (unblocked, + RNA, + CP),
just in Cysy,, small particles of protovirus can be observed. From the rows Dsgs, 120s, 15m
and Esqq, 1205, 1sm  no perceptible TMV-like rods or proto rods were observable but an
increased deposition of impurities was noticeable. In the final row Fsos, 1205, 15m, further
bottom up assembly of TMV like particles is observed. On the first sample Fsqs it is very
probable that the ITC silane layer is not properly blocked and some of impurities hinder
the proper grow of TMV on the surface. Furthermore, the short silanization time doesn’t
allow a complete coverage of the silane on the surface. In Fj,, particles can also be noted.
Finally in Fisy, fully formed virus can be seen, they are around 150 nm long x 25 nm
width. This gives a preliminary result for the minimal coupling time required for a proper
growth and attachment of the DNA-linker and further growth of the virus-like particles.
For the assessment of the images, the same AFM cantilever was used so every image
could be comparable in force and interaction. In summary, the experiment show that it is
necessary to provide at least a silanization time of 15 minutes in order to obtain virus-like
particles. The control experiments showed that without RNA or CP, the particles cannot
be assembled proving that no unspecific interaction between different components takes

place.
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30s 120 s 15 min

Figure 76.- AFM topographic images showing the results of experiment with different silanization times (30s, 120s,
15min) combined with different induced conditions for the formation of the TMYV-like particles. For a better
understanding also refer to Table 16. The scans are 3x3 pm’.
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Comparison between Different Times of Hybridization.

In this experiment, the time of hybridization was varied to assess its influence on the
TMV-like particle formation. Seven different times for hybridization on the substrates
were investigated: 0 min, 3 min, 10 min, 30 min, 90 min, 120 min, 270 min and 1000
min. Pre-assembled viruses grown in vitro with the same hybridization times in liquid
were deposited on ITC-silanized wafers and left on the surface as a control experiment.
After the bottom-up assembly and the deposition of the pre-assembled viral particles all
samples were submitted to the same washing procedures.

Although statistical evaluation of the particle length was not performed on the samples it
can be noted that after 30 minutes of incubation, some particles or proto-virus like TMV's
were found in the case of the bottom-up assembly (Figure 77). After 270 min of
hybridization, elongated particles with the typical diameter of the viral particle can be
detected after bottom-up assembled and the preassembly. After 1000 min of hybridization
most of the particles show a uniform length. This is also in agreement with Butler’s[18]
experiments. As discussed in his research, the specificity of the RNA presents a problem.
As his work describes the self-assembly process of TMVs in solution, it is possible to
compare it to the self-assembly process on the surface which is in the focus of this
dissertation. According to Butler [458] the RNA nucleation on the origin-of- assembly
point is fairly fast whereas the subsequently assembly of the protein and further
elongation of the particles is slow. In their work they examined reassembled virus in
solution with a radioactive labeled protein disk. They found that the rate of the reaction
was first order regarding the disk concentration and saturates to a maximum rate of 7
subunits/second. However Richards & Williams[459] have suggested that the rate of
nucleation is much slower than the first approaches. In our experiment, we compare these
results with a system which self-assembles on the surface. Sterical hindrance might play
an important role in the speed of the coat protein assembled on the surface. In our case we
can report the first stages of nucleation happened after 10 minutes of assembly (Figure
77). Regarding the assembly, it starts centrally at the origin of assembly point (OA) of the
RNA and proceeds fast (1-5 min) in one direction and slower in the other direction (about

1 h).
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Figure 77.- AFM topographic images of an assembly-RNA time experiment. The time for hybridization and
bonding of the RNA to the DNA linker is varied and tested for a bottom up approach and for a simple TMV
deposition. All the images are 1x1 pm>.
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The TMV-length after complete assembly is also directed by the length of the RNA
applied. Figure 78a show an in vitro preassembled virus particles which were deposited
on the surface and bottom-up self-assembled particles, respectively. However, the
preassembled virus was not able to be completely fixed on the substrate as the AFM
examination showed. The virus was movable and difficult to imagine by the AFM. In the
case of Figure 78, AFM images of two of the longest particles prepared by preassembled
particles-experiment (a) and the bottom-up assembly (b) are shown. When comparing
these two longest particles, they seem to have comparatively the same length (~150 nm)
and around the same width (~30 nm). This shows that in principle bottom-up assembled
virus-like particles can grow with the same length as the preassembled ones. In average a
higher proportion of longer particles are found in the preassembled samples than on the
bottom-up assembly. Particles found with aspect (Ilength/width > 1), will be considered as
virus-like particles in formation or completely formed. This consideration will be the

basis for the statistical analysis shown in the following section.
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Figure 78.- AFM topographic images of TMV-particles self assembled with their respectively height profiles
along the red line on each picture. a) TMV pre-assembled in solution and then deposited on the surface and b)
bottom-up TMYV particles self assembled directly on the surface.

Comparison between ITC silane in-house Synthesized and Custom-made Silane.

A previous characterization on the differences between the two silanes
3-isothiocyanatepropyltrimethoxysilane (ITCPTMS) or the
3-isothiocyanatepropyltriethoxysilane (ITCPTES) used in this dissertation has been

performed using FT-IR (see section 4.2.1). In this section, it will be investigated whether
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both silanes are proper for the self-assembling process. For all the experiments, a drop of
2.0 pl of the DNA-linker solution was deposed in the middle of the ITC-silanized wafer
and incubated for 18 hours in a humid chamber to avoid any drying effects. After the
incubation period, the sample was washed according to the procedure explained before
(section 1A.1). Therefore, we recognize two areas in the same sample: 1) an area inside
the drop of DNA, which has the complete preparation procedure and 2) an area which
was not wetted by the DNA containing drop, which follows every step but the DNA
addition (Figure 79). For RNA hybridization the sample was dipped in a solution of RNA,

washed and finally dipped in a solution containing the CP.

RNA and CP

Silica DNA-linker solution

drop

Figure 79.- Scheme showing the two areas in the same sample: 1) an area inside the drop of DNA, which has

the complete preparation procedure and 2) an area which was not wetted by the DNA containing drop,
which follows every step but the DNA addition. All samples were washed thoroughly after the RNA+CP
addition.

Figure 80 shows two different TMV particle assemblies done with the two types of
silanes described before. This means that both silanes were able to provide an anchor site
to the surface for which the DNA-linker and further TMV like particle is assembled, as

they both contain the isothiocyanate moiety.

-10

Figure 80.- AFM topographic images of TMV-like particles bottom-up assembled using an ITC-silane. the
silanization took place with same experimental conditions varying only the silane molecule: a) ITCPTES and b)
ITCPTMS. The latter prepared fresh while the first was bought and kept in use for one year (aged and
oxidized).
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After optimization of the time of silanization (as explained in the experimental section
3.1.1) and further optimization on the hybridization time (as shown previously in this

section) from the biology project partner, the ITCPTMS yielded the highest particle

density as it can be observed in Figure 81.

functionalized wafer after optimization.

The ITCPTMS (in-house synthesized) silane probes were used for the statistical analysis
as they provided a higher density of the virus on the surface. This higher density comes
probably from the fact that the methoxy groups are more reactive towards the surface and
therefore a higher density of the silane can be obtained. Figure 82 shows the AFM
topography image of TMV-like particles assembled on a silicon substrate, which was
subjected to the complete preparation procedure (i.e. ITC-functionalization — coupling of
DNA-Linker — RNA coupling — adding coat protein). In AFM topography images the
height of the features is visualized by their brightness. AFM topographic examination on
non-structured silica wafers after optimization of some parameters (hybridization time,
silanization time) is shown in Figure 82a. The TMV-like particle length distribution
shown in Figure 82b give an idea about different lengths (corresponding to different
stages of the assembly) found with the average length of 85 nm, holding a standard
deviation of 30 nm. The TMV-like particles were found exclusively on those chips that
were subjected to the complete assembly process. As expected, no TMV-like particles

were found in the control experiments on silica wafers.
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The determination of the length distribution of the TMV-like particles on the surface was
carried out using the proprietary software from the AFM as well as Imagel software for
particle length calculations. Only those TMV-particles with a height profile of
approximately 12 nm were taken into account as the particles were expected to have a 18
nm radius. The reason for the flattening effect on the TMV-like particles laying on the
surface horizontally is due to the higher force exerted by the tip on the particle in order to
obtain proper topographical images. The average length expected was between 100 and
150 nm due to the RNA used for the experiments. Approximately forty percent have
lengths between 70 and 90 nm, 20% between 100 -120 nm, and 12% between 130-150
nm. Very few were found to be longer than 160 nm (3%). The discrepancy between the
expected particle length (100-150 nm) and the observed lengths can be explained e.g by
RNA degradation, blocked origin of assembly, blocked accessible assembly sites along
the RNA. The 20% of those particles with lengths between 40-60 nm can be considered

as proto particles not completely formed.
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Figure 82.- Self-assembly of TMV-like nanorod structures on ITC-terminated silicon substrates. Representative
AFM topography of a substrate (a) coated with self-assembled TMV-like particle after all preparation steps, and
(b) statistical analysis of the particle length based on (a).

The samples for the negative controls were silanized in the same batch as the other
positive control samples.

There were three different negative control experiments carried out: (1) the first control
experiment was done omitting the primer-DNA assembly but carrying out the treatment
with the RNA and with CP. As a result, no visible rods could be detected on the substrate

where the DNA was not spotted. The spotting took place only on the center of the
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substrate, and the Figure 83a corresponds to an area outside of the DNA-linker drop. Thus
the unspecific physisorption of RNA on the surface can be excluded (outside the drop of
DNA linker area). (2) the second control experiment on the feasibility of the virus to
assemble in solution (shown in Figure 83c as TEM image) was performed by mixing the
same RNA and CP as those used for the bottom-up assembly on the surface and then spot
them onto a previously silanized wafer (Figure 83b). As a result TMV-like particles were
found on the carbon coated copper grid in the TEM (Figure 83c), which shows that the
pre-assembly was successful, however, on the surface of the silanized Si wafer, no pre-
assembled TMV particles could be recognized by AFM (Figure 83b) due to low
unspecific interaction between the CPs of the virus particles and the supporting substrate.
The first two control experiments exclude physisorption as responsible for the coupling of
the virus on the surface. Furthermore, (3) in third control experiment the step of RNA
coupling and further CP addition was skipped during sample preparation, as a result no
TMV-like rods were found, which shows that without RNA + CP, self-assembly does not
occur (either by just the CP assembly without RNA under very specific conditions of pH
as shown by Butler and Durham [460-462]) and no cross contamination between

samples takes place either at any stage or procedure (Figure 83d).

Figure 83.- Control experiments for bottom up assembly of TMV-like particles on a ITC functionalized
silica wafer. a) AFM topographic image showing result from control experiment outside the drop, b) AFM
topographic image showing the result of preassembled virus spotted on the functionalized silica wafer but
washed away thoroughly, ¢c) Transmission Electron microscope image of self-assembled virus in solution the
scale bar is 500 nm d) AFM image showing the control experiment inside the drop without RNA and CP. All
the AFM images are 5x5 um’
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The TMV-like particles resulting from the self-assembly process on the surface show a
characteristic feature: their length/width ratio is different than those assembled in liquid.
The average length of the particles was calculated around 120 nm for those RNA with
3000 base pairs.

4242 Chemically Patterned SAMs on Oxidic Substrates

The chemical one-step coupling of the ITC-silane to the oxidic interface of the surface
offers the opportunity to apply Dip Pen Nanolithography (DPN) to create arrays of ITC-
terminated spots on glass coverslips. With this method not only the size and the distance
between the functionalized spots can be reduced to sub-micron dimension but also the
density as well as the shape of the structures can be varied arbitrarily (for further reading
please look [89, 210, 406, 407]). As the TMV-like particles are confined into an even
smaller functional area the re-assessment of features by AFM is easier on the spotted sites
than on non-structured substrates. Figure 84 shows AFM images of a 5 x 5 spots-array
(41a,41c,41e) of ITC functionalized spots created by DPN and a zoom on a random spot
over that array (Figure 84b, Figure 84d, Figure 84f). Tobacco mosaic virus particles
assembled on the surface of patterned specific isothiocyanate silane spots on glass cover
slides. Preliminary assessment of the substrate was done with a complementary amino
fluorescein experiment (see section 4.2.2.4) in order to ensure the distribution, order and
reactivity of the silane towards an amino group. The experiment showed indeed
specificity with a clear preference for the silanized areas. The spots shown in Figure 84a
and Figure 84b have an average height of 25 nm. This is significantly higher than it
would be expected from a monolayer of the ITC-silane on the surface. However, in
contrast to the preparation of the ITC-terminated Si wafer which was described before,
the deposition of the small droplets of the ITC-silane on the glass by the DPN method in
air with a relative humidity of 30% results in a polymerization of all deposed molecules,
as no washing or rinsing is carried out to remove the excess of ITC-silane from the
spotted areas and thus an ITC-silane multilayer is formed. The polymerization of silanes
under high humidity is well known in literature [36].

After the coupling of DNA linker (Figure 84b), the samples were washed thoroughly.
Hybridization of RNA strands and induction of assembly by the addition of TMV CP was
performed and a significant decrease in height of the spotted areas from 25 nm to a 10 nm

plateau could be observed. This is probably due to the removal of parts of the
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polymerized non-covalently bound material by several washing steps during RNA
immobilization and the assembly of the nucleoprotein tubes. A density decreasing of
grown TMV-like particles can be observed in Figure 84f going from the rim of the spot to
its center. This can also be appreciated with a higher magnification on the Figure 85a.
From the experiments with Si-wafers and UV-irradiated PDMS we found (1) that the
coupling of the RNA to the DNA is selective and (2) that no unspecific adsorption of the
RNA on the silanized surface can be observed without DNA (Figure 85b). Therefore the
appearance of TMV-like particles on the spotted areas proves that a site selective
immobilization of the DNA took place even under the observed polymerized silane. The
density gradient of the particles can thus be explained by a diffusion of the DNA
containing solution underneath the polymerized silane, which is just loosely bound to the
substrate and is washed away during the further preparation steps of TMV nanoparticle
preparation. The DNA is immobilized by those ITC-terminated silane molecules which
are covalently bound to the glass substrate and is not removed during the washing

procedures.

30

25

Figure 84.- AFM topographic images of DPN functionalized substrate showing a high specific selectivity
for virus particles. On the upper row, scan areas of 30x30 microns (a,b,c) and on the lower row scan areas
of 5x5 microns (d,e,f). ITCPTMS dots were deposited (a,d) on glass coverslip, then a DNA-linker drop
covering the whole array at the same time was placed on top (b,e) and a final step of RNA coupling and CP
addition (c,f) in order to obtain the virus-like particles as shown.
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Figure 85.- AFM images showing a topographic examination on two different substrates treated with the same
ITCPTMS using DPN. a) Complete process done as explained above (silanization-DNA ligand attachament- RNA
hibridization- CP addition - BU assembly). b) Substrate with preassembled virus deposited on the surface and
then washed out the same way the final washing step for the self assembled virus is performed.

A comparative statistical analysis was performed in the same way as the analysis
performed for the PDMS and flat silica wafer substrates. The length distribution remained
relatively similar to those before. A broader length distribution was found around
100-120 nm while TMV particles longer than 150 nm were not so common. In Figure 86b
the statistical analysis of the length distribution of the TMV-like particles assembled on a
glass cover slip (Figure 86a) is shown. Approximately 35% of the evaluated TMV
particles had lengths between 70 and 90 nm, 36% between 100 and 120 nm, and 19%
between 130 and 150 nm. Very few were found to be longer than 160 nm (5%).
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Figure 86.- Bottom up assembly of TMV-like particles on a ITC functionalized Dip Pen Nanolithography
estructured silica wafer. a) 3x3 um scan area, b) statistical analysis on picture.
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4243 Chemically Patterned SAMs on Polymeric Substrates

Besides the functionalization of silica surfaces we examined the site selective coupling
of the ITCPTMS onto oxidized PDMS based substrates. The PPDMS contains silica
atoms and methyl terminated bonds. The presence of oxygen in the polymer matrix, but
especially in the air allows us to oxidize the upper layer of the polymeric bulk by using an
Ultraviolet and Ozone generator lamp as mention in section 2.1.3.2. We use this
technique to produce a selectively oxidized silica-like substrate by irradiating the PDMS

substrates with UV/O; through masks as described in the scheme of Figure 87.

MAS . ~‘_— e TMV particle
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Figure 87.-Scheme of polydimethylsiloxane (PDMS) substrate treated and silanized with isothiocyanate
groups, with subsequent TMV assembly.

After the complete procedure of TMV bottom-up assembly was carried out
(silanization-DNA coupling- RNA coupling- CP) two regions were then visible: (1)
squares in which the conversion from PDMS to the Silica-like surface took place and (2)
the bars in which the mask hindered the process of oxidation leaving the polymer
unchanged (Figure 88a). Due to the positioning of the mask, which has a flat side and a
slightly curved side, if the mask has been placed on the curved side, then features like the
rim around the most irradiated areas are found and some material has been also
transformed. This can be seen in Figure 88b as a fainted area surrounding the irradiated
and silanized part. While the rest of the PDMS substrate remains untreated (Figure 88d)
on the silanized areas the bottom up assembly process takes place, as shown in the zoom-
in image of the irradiated/silanized area in Figure 88c. Completely formed virus can be
found on the square parts of the irradiated and chemically modified PDMS patterns of the
polymer (Figure 88e) and they show a broader length distribution than those on the silica
wafer without any structuring. By some means the polymer shows also a higher porosity

level than before the treatment with the silane and further assembly.
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Figure 88.- AFM images showing the results from bottom up assembly of TMV-like particles on a site selective
ITC functionalized PDMS substrate. a) 90x90 pm scan area with the irradiated and protected areas, b) 60x60
pm scan area with the irradiated area and the rim around due to the positioning of the grid c¢) zoom in on the
irradiated area showing TMV-like particles d) zoom scan on the non-irradiated parts of the polymer where no
particle can be found and e) a 250x250 nm zoom showing TMV-particles grown on the treated regions as
elongated rods.

The average lengths of the rods are in agreement with those, which were assembled on
pure silica wafer. The histogram in Figure 89a shows the results of the determination of
particle length over the 25 um2 area of Figure 88c. It can be noticed that the average
length of the TMV-like particles are around 87 nm with a standard deviation of 34 nm.
Although the mean and standard deviation are in agreement with the results from the
silica wafer experiments, a distribution with a more pronounced skewness towards longer
particles was found.

The TMV-like particles self-assembled exclusively on those surface areas which were
irradiated and silanized. This indicates a highly selective coupling of the virus RNA on
the respective areas. The increased roughness (RMS= 3.196 nm) of these PDMS areas
after been silanized by the ITCPTES as shown in Table 14, compared to those of the
silanized Si wafers depicted in Table 9 (RMS = 1.867 nm) might be due to the described
hydrophobicity recovery of the polymer during the initial time period of the irradiation

process. In Figure 89b the statistical analysis of the length distribution of the TMV-like
particles is shown. About 27% of the evaluated TMV particles had lengths between 40
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and 60 nm, 34% between 70 and 90 nm, 18% between 100 and 120 nm and 17% between
130 and 150 nm. Very few were found to be longer than 160 nm (4%). It can be
concluded that only in the case of the non-structured Si wafer (Figure 82) a pronounced
maximum in the length distribution of the TMV-like particles can be detected. This
discrepancy can be due to different reasons as e.g. the unspecific interaction between the
free RNA strand with the surface or sterical hindrance during the formation of the protein
coat and the fact that once the RNA is prepared, it is shorten significantly up to 2884
nucleotides corresponding to a theoretical value of 135 nm in length. The high density of

TMV-like particles obtained with silicon surfaces could not be reproduced on PDMS.
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Figure 89.- Descriptive statistical analysis of TMV-like particle lenghts grown on PDMS selectively irradiated
substrates. a) histogram showing the amount of particles found corresponding to their lengths taken from
two different treated regions. b) distribution of the particle length by percentage.
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5 Conclusions

5.1 General Conclusions

Within this work a new chemical approach based on isothiocyanate-terminated silanes is
introduced as an alternative to the aldehyde based surface chemistry for the preparation of
structured and non-structured substrates of different materials (glass, silicon and polymer)
which are optimized for the site-selective bottom-up assembly of tobacco mosaic virus
(TMV-) like particles. To reach this goal first the ITC-terminated silane was synthesized and
coupled to different substrates. Beside glass and Si wafers with a native oxide layer also the
polymer polydimethylsiloxane (PDMS) was used as substrate material, whereby PDMS was
irradiated with UV-light to create an oxidic layer on top of the polymer, which — in turn — can
be treated then as an oxidic substrate as well. In all cases first non-structured substrates were
prepared, chemically modified and characterized intensively by surface-analytical methods as
XPS, IRRAS, contact angle measurement or fluorescence microscopy. In a further step the
coupling strategies were combined with different structuring techniques as micro contact
printing (uCP), Dip Pen Nanolithography (DPN) and UV-light irradiation to prepare surface
patterns, which were then chemically terminated with the ITC-silane. To test the applicability
of the substrates for bottom-up assembly of TMV-like particles, a DNA-linker was
immobilized on the ITC-functionalized areas followed by the RNA coupled to the DNA via
hybridization. After the coat proteins were added, the assembled virus particles could be
observed on the substrate. This proves for the first time that the ITC-based chemistry
developed in this work can be used for the bottom-up assembly of virus-like particles.

All the results are summarized in more detail in the following: In a first step the conversion of
3-aminopropyltrimethoxysilane in solution to 3-isothiocyanatepropyltrimethoxysilane has
been examined using infrared spectroscopy. The appearance of the broad band centered
around 2100 cm™ after the reaction has taken place, confirms the strong double bond
stretching between the -N=C=S group. By the use of Raman spectroscopy the reactants could
be traced (consumption of carbon disulfide over time) which confirms the successful
transformation of the amine towards the isothiocyanate group.

The coupling of the synthesized ITC-silane to oxidic substrates as glass, Si wafers and UV-
irradiated PDMS has been studied using X-ray photo electron spectroscopy (XPS). The results
confirm the presence of the ITC group on the surface in all cases. XPS was also used to

determine the amount of hydroxyl groups on the surface by measuring the amount of oxygen
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atoms present in the substrates. The fact that PDMS after the irradiation procedure showed a
higher amount of oxygen on the surface than the same substrate after the additional treatment
with the ITC-silane is a hint that the covalent coupling of the silane to the surface has been
successful.

The presence of the isothiocyanate termination on the surface was examined — beside by XPS
— also indirectly by fluorescence microscopy using an amino terminated DNA-oligomer
holding a fluorescence molecule on the other end. These experiments were used also to
compare a commercially acquired epoxy functionalized slide versus an isothiocyanate
silanized in house slide. The results showed that the chemical reactivity of ITC-silanized
slides is comparable. Further experiments were performed using the NH,-terminated
fluorescein-labeled DNA molecule (NH,-DNA-Fluorecein) which was spotted by hand and
evaluating the amino, aldehyde and isothiocyanate functional groups when they are coupled to
glass slides. These experiments showed that under the same experimental conditions, the ITC-
terminated substrates show a higher total fluorescence intensity compared to that from the
amino- and aldehyde-terminated surfaces. The results are summarized and shown in Figure
90. The aldehyde chemistry, although successful, turned out being less prone to bind amino
terminated oligonucleotides containing a fluorescent molecule. The measured fluorescence
intensity of the NH,-DNA-Fluorescein after coupling, increased in the following order:
non-functionalized slide < aminoterminated slide < aldehyde terminated slide < ITC-coated

slide.
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Figure 90.- Fluorescent reactivity evaluation on glass slides silanized with: i) aminopropyltrimethoxysilane, ii)
aminopropyltrimethoxysilane + aldehyde coupling and iii) isothiocyanatepropyltrimethoxysilane. An additional
control was done with a non-functionalized silane for background assesment.
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Atomic force microscope was used to characterize the morphology of the surface before and
after the silanization. Physical changes monitored by the AFM appear to follow qualitatively
with chemical changes reasonably well for all the silanes in study. For the isothiocyanate
silane, when a 5x5 pm2 area is studied, although no extreme changes could be seen, the total
quadratic mean of the surface roughness (RMS) increased from a 0.2 nm before silanization
up to 1.9 nm after the silanization was performed. The samples indeed showed a rougher
surface after treatment, but an important observation from this AFM images is the formation
of small islands of the silane across the complete surface. The increase in roughness was
common for all the substrates independent of the original surface (smooth silica wafer, glass
or polymer).

In order to create dense arrays of TMV-like particles in defined patches highly reproducible,
we describe new routes for the site-selective bottom-up assembly of TMVs.

The novel aspects are (1) the application of an isothiocyanate (ITC) based chemistry to
immobilize the viral RNA, which allows the preparation of a high surface density of self-
assembled TMYV, (2) the combination of the ITC chemistry with UV-lithography and Dip Pen
Nanolithography, which allows the exact control of shape and size of the assembling sites on
the substrates, (3) the transfer of the ITC-based chemistry to PDMS, which is a polymeric
standard material of micro fluidic devices for applications in the fields of lab-on-a-chip
technology and (4) the use of DNA/RNA hybridization for immobilization of assembly-
directing RNA.

From the experiments it can be concluded that the new approach to realize bottom-up self-
assembly of TMV-like particles on oxidic interfaces based on the formation of thiourea bond
between an ITC-terminated substrate and an amino functionalized linker DNA is successful
and can be carried out site selectively on both Si wafers with a native oxide layer and on UV
irradiated polydimethylsiloxane (PDMS). In addition we could show that the combination of
the ITC-based chemistry with two different structuring techniques - the Dip Pen
Nanolithography and the photo oxidation of PDMS - results in a site-selective growth of
TMV-like particles. Compared to the method described in Miiller et al.[72] the coupling of
the aminated DNA linker via the ITC terminated silanes resulted in a reproducible high
density of the grown TMV-like particles while the geometry of the coupling sites can be
varied in size and shape in a well-defined manner in the case of Dip Pen Nanolithography
(DPN) and UV-lithography of the PDMS material [73]. A graphical summary of results from

the TMV bottom-up site selective assembly is shown in Figure 91.
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Figure 91.- AFM topographic images, shown as a summary of the silanized substrates submitted to the TMV-like
particles bottom up assembly . a-b) aldehyde functional substrate on silica wafer with a PMMA masking for selective
attachment. c-d) isothiocyanate functionalized silica wafer with no structuring. e-f) isothiocyanate silanized PDMS
substrate using a chemical selective structuring irradiation technique. g-h) isothiocyanate silanized glass slide using a
chemical structuring via dip pen nanolithograpy for selective deposition of the silane. The scales in the a,c,e,g images
is 50 nm while in the b,d,f,h images is 500 nm.

5.20utlook

The assembly of TMV-like particles on the substrates proved a new methodology how
versatile components can be of use for materials and/or surfaces prepared for miniaturized
devices or high-throughput multifunctional systems. The accessibility of this biotemplates to
be merged with other techniques (lab-on-a-chip, biosensors, etc.) makes the systems relevant
for improving and building on top of the knowledge provided by this thesis in order to deliver
a more controllable and spatially selective bottom-up integration of biological moieties.

As one of the main intentions of this work was to prove that a site-selective growth of the
TMV-like particles can be realized by combining the bottom-up self-assembly with top-down
structuring methods, more experiments will be necessary to find out why the different
substrate materials and structuring techniques result in different particle densities and/or
length distributions. The approach of transferring the ITC-based chemistry for TMV particle
growth to the PDMS material which is used in the preparation e.g. of micro fluidic devices
opens the access to many applications in the field of lab-on-a-chip techniques, where TMV-
like particles will be developed to form upright standing carriers e.g. of enzymes for

analytical purpose. One approach in this direction is project A6 of the “Kompetenznetz fiir
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Funktionelle Nanostrukturen (KFN)” of the “Baden-Wiirttemberg-Stiftung”. The results
presented in this thesis have been essential for granting this follow-up project.

Beside this idea to imbed the TMV-like particles into a technical environment, there are also
challenges focusing on the chemistry of the coat proteins of the nanoparticles: Further goals
might include, but not exclusively: a) genetically modified virus coat protein with different
functional groups which can be arranged in a selected order along the longitudinal axis of the
virus-like particle providing in this way optimal availability for bioconjugation of other
molecules such as high-affinity peptides, enzymes or antibodies. This adaptable order in the
functionality assembly can serve as a “bar-coding” system for other biointegrative strategies.
As mention before, the biochemically accessibility of the TMV-like particles could eventually
be improved by bringing the particles to stand up perpendicular to the surface. This would
provide a lower sterical hindrance and eventually a higher density gradient of the particles and
therefore a higher biosensoring capability of the surface.

Similar strategies for microstructuring the morphology of the substrates (polymer blends,
breath figures, gold/silica etching processes, casting and molding of elastomers, etc.) and
chemically nanostructuring the surfaces (DPN, AFM-grafting, AFM-shaving, etc.) can be
implemented. Further polymer systems (polystyrene, polymethylmethacrylate, polypropylene
etc.) could be eventually tested to check whether these systems can provide with site-selective

coupling capabilities.
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Appendix

A. Viral Particles Assembly Methodology (Stuttgart
University- Plant Virology Group)

A.1  DNA Linker Immobilization on Aldehyde Functionalized Substrates

Materials

- DNA oligonucleotide was ordered and assembled according to the necessary sequence
for the RNA binding purchased from Metabion Martinsried (Germany). *sequence
will be extended in the procedure

- RNA sequence in vitro with a MEGAscript Kit from Ambion, Austin (USA).

- Only sterile 2x filtered HPLC water was used to prepare buffer solution.

- Spotting buffer 1M tris-HCI at pH 7 bought from Carl Roth (Germany).

- Saline-sodium citrate (SSC) buffer bought from Carl Roth (Germany).

- Phosphate buffered salin (PBS) buffer bought from Carl Roth (Germany).

- Sodium borohydride (NaBH,) bought from Carl Roth (Germany).

- RNase inhibitor New England Biolabs (USA)

- “DIG buffer wash and block” bought from Carl Roth (Germany).

- Sodium dodecylsulfate (SDS) Sigma-Aldrich, (Germany).

- Streptavidin-alkaline phosphatase Roche; Cat #11093266910 Germany

- Diisopropylethylamine >99.5% (DIPEA) from Sigma-Aldrich (Germany)

- Dimethylformamide (DMF) for molecular biology, >99% from Sigma-Aldrich
(Germany)

- Aminohexanol (>97.0%) from Fluka (Germany)

Immobilization of DNA linker molecules was optimized on aldehyde-functionalized
wafers. 5'-terminally amino-modified single stranded DNA (ssDNA) linker molecules
(purchased from Metabion; Martinsried, Germany) with the following nucleotide sequences
were utilized: "5’-NH;-GCACCACGTGTGATTACGGACACAATCCG-3"
(TestLinker(+)_NH>) and "5’-NH»-TGGGCCCCTACCGGGGGTAACGGGGGG-3"
(TestLinker(-)_NH>).

The linker molecules were diluted in 3xSSC (sodium salt citrate buffer from a 20 x SSC
stock solution[463]) to the desired concentration (0.01 - 10 pmol/ul) and applied to the

functionalized surfaces in a final volume of 3-5 pl. After incubation in a humid chamber for
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15-30 min and a series of washing steps (2x2 min in 0.2 % SDS, 2x2 min in double distillated
water (ddH,0), 1x1 min in ddH,O), the substrates were incubated in a solution of 0.25 %
NaBH, in PBS[463] buffer : Ethanol (3:1)] under slight shaking in order to react superfluous
aldehyde groups to non-reactive alcohol functions and convert Schiff bases into stable amines.
For the evaluation of linker binding efficiencies, ssDNA probe molecules (Metabion)
complementary in their nucleotide sequence to TestLinker(+)_NH, and with a 5'-terminal
biotin hapten (5’-Biotin-CGGATTGTGTCCGTAATCACACGTGGTGC-3’) were hybridized to
the immobilized linkers. Hybridization was carried out for 16-18 h at 37°C with 5-6 ng/ml
probe in 3xSSC buffer. After several washing steps (2x2 min in 0.2 % SDS, 2x2 min in
ddH,0, 1x1 min in ddH,0), specifically hybridized biotinylated probes were detected by a
chemiluminescence reaction. To this aim, the substrates were washed with DIG-washing
buffer for 5 min (DIG buffers according to the DIG application manual for filter
hybridization; Roche Cat # 11438425001; except that DIG buffer 3 was prepared without
MgCl,) and blocked for 30-40 min in DIG blocking solution. A 1/10,000 dilution of
streptavidin-alkaline phosphatase (streptavidin-AP) conjugate (Roche; Cat #11093266910) in
DIG blocking buffer was applied and incubated for 30 min under gentle shaking. Afterwards,
substrates were washed for 2x10 min with DIG washing buffer and rinsed for 1 min with DIG
buffer 3. For detection of the biotin-streptavidin-coupling, a chemoluminescence-generating
substrate of alkaline phosphatase (CDP-Star; ROCHE; Cat # 12041677001) was diluted 1/500
in DIG buffer 3 and applied to the surfaces. Substrates were then sealed into transparent
plastic bags, placed in an exposition cassette and incubated for 15 min at 37°C prior to the

exposition of an X-ray film (SuperRX, Fujifilm) for 3-4 hours.

A.2 RNA Ligation and Induced Assembly of TMV-like Nanotubes on
Unstructured and Patterned Aldehyde Functionalized Surfaces

Homogeneously functionalized and patterned DNA-linker-exposing surfaces were prepared
and equipped with genetically engineered RNA strands. The amino-functionalized ssDNA
linker molecule - the “RNA_anchor” - (5-phosphate-TTAAAAAAAAAAAAAAAAAA-
3'NH;) was synthesized by Metabion (Martinsried, Germany); RNA in vitro transcripts (2884
nts in length) containing the TMV origins of assembly (OAs) were prepared as described in
Miiller et al. [7]. The RNA transcripts were enzymatically ligated to one end of the linkers as

follows: a mixture containing 2—-5 ng/pL dephosphorylated RNA, 1 U/uL. RNase inhibitor mix
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(NEB), and 1 U/uL. T4 RNA ligase 1 (NEB) was prepared in 1x T4 RNA ligase buffer
(corresponding to 4500-fold enzyme excess). Prior to the addition of enzyme and inhibitor
mix, the solution was heated to 95 °C for 3 min and cooled on ice. Depending on the substrate
size, 50—100 pL of complete ligation mixture was applied and incubated in a humid chamber
at 37 °C for 3 h. After ligation, preparations were washed in 2x in SSC/0.2% SDS (2 x 10
min), 2x in SSC (1 x 10 min), 0.2 SSC (1 x 10 min) and in ddH,O (2 x 5 min) under vigorous
shaking at RT.

Specimens were then supplemented with assembly competent TMV coat protein preparations
under conditions inducing and promoting growth of TMV-like nanotubes in siru [7] as
optimized for the two-phase system. Before starting assembly reactions, RNA-exposing silica
wafers were rinsed with 50 mM SPP (sodium potassium phosphate buffer, pH 7.2) for 5-10
min. The bottoms of sterile plastic Petri dishes were covered with Parafilm, onto which
Parafilm posts (about 1 mm height) were adhered to serve as support for the wafers; 50-200
pL of TMV CP (1.3 pg/pL in 50 mM SPP), depending on the wafer size, was applied between
the spacers and the respective substrate placed on top, with its RNA-equipped surface
pointing toward the bottom. This arrangement was incubated overnight in a humid chamber at
30 °C. The substrates were washed under shaking for 2 x 10 min in 0.2% SDS and 2 x 10 min
in ddH,O before they were dried in a nitrogen stream and analyzed by atomic force

microscopy (AFM).

A.3 Hybridization of assembly-directing RNA and surface associated
assembly of TMV Coat Protein on Isothiocyanate silanized substrates

All aqueous buffers were filtered sterile through a 0.2 pm membrane immediately before use.
RNA was transcribed in vitro with the MEGAscript Kit (Ambion, Austin, USA) following the
manufacturer’s protocol. As a template, a shortened derivative of the plasmid
p843pe35TMVr.1’ was created by enzymatic restriction hydrolysis. The formation of an
additional SnaBI restriction site, which resulted from the mutation T3391C in one of the
clones, was used to create a deletion by enzymatic restriction hydrolysis with SnaBI (New
England Biolabs, USA) and religation (T4 DNA ligase, New England Biolabs, USA). The
resulting plasmid p843peTMVA9353-3391 was used as a template for transcription after
linearization with BsiWI (New England Biolabs, USA). This resulted in a 2884 nts long RNA
molecule containing the OAs of TMV and a 3’ end sequence complementary to the anchor
DNA oligomer. For hybridization to the surface-bound DNA oligomers, 50 ng/ul RNA final

concentration (f.c.) was first partially denatured in 3x saline-sodium citrate (SSC) buffer [463]
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at 65 °C for 5 min. After addition of murine RNase inhibitor (New England Biolabs, USA) to
1 U/ul f.c., 20 pl of this hybridization solution were applied per cm2 surface area and covered
with a baked glass cover slip. Hybridization was performed for about 20 h at 37 °C in a humid
chamber. After three washing steps in 2x SSC containing 0.2 % w/V SDS, 2x SSC and 0.2x
SSC each for 10 min, the RNA-equipped substrates were equilibrated in 75 mM sodium-
potassium phosphate (SPP) buffer. TMV CP was prepared from virus particles [224, 464]
isolated from infected plants [465] and incubated for at least 48 h in 75 mM SPP buffer pH
7.2 at room temperature at a concentration of about 10 mg/ml. To induce assembly, about 40
ul of 1.3 mg/ml TMV CP in 75 mM SPP buffer pH 7.2 were applied to a cover slip per cm?2
of RNA-equipped surfaces. The wafer was placed upside down onto the drop of TMV CP
solution on a glass cover slip and incubated in a humid chamber for about 20 h, otherwise
indicated. After assembly the surfaces were washed twice for 3 min in 0.1 % (w/V) SDS and

twice for 10 min in water, before they were dried under a stream of nitrogen

A.4  Analysis of Intermediate RNA States in the Course of Bottom-Up
Assembly.

After enzymatic treatment with Antarctic Phosphatase in vitro, and again after subsequent
incubation with T4 RNA ligase 1 in situ on linker-equipped wafers (see above), excess RNA-
containing solution was collected and divided into aliquots, which were subjected to different
procedures and analyzed in agarose gels, or used as scaffolds for in vitro encapsidation of
scaffold RNA in solution. Prior to electrophoresis, one of each portions was treated only with
denaturating RNA sample buffers [466], whereas a second portion was treated with
phenol/chloroform to extract proteins adsorbed to the RNA [467]. The samples were diluted
to a volume of 200 pl and, after phenol extraction, concentrated to the original volume using
n-butanol [467]. 50-500 ng of RNA each were applied for sample preparation, separated on 1
% agarose gels in 1xTBE buffer for 2 h at 5 V/cm, and stained with ethidium bromide. An
aliquot of the RNA ligation mixture incubated with both enzymes was combined with
assembly-competent protein directly after its collection from the wafer, and analyzed by
transmission electron microscopy after negative staining, as well as on wafers by AMF to

determine the length distribution of assembly products.
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B. Microcontact-printing of Silanes

Silanes can be microcontact printed directly onto hydroxylated glass, silicon or other oxidic
material [48, 468]. Previous studies reported that aminosilanes are inconvenient “inks” for
pCP due to their low affinity to PDMS and the high tendency to hydrolysis and
polymerization under ambient conditions; only few groups reported the direct patterning of
aminosilanes on SiO, or glass substrates by pCP, in which the aminosilanes are usually
dissolved in an organic solvent used as “ink”[130, 469-471].

It has been reported that the hydrolysis and the condensation of aminopropyltriethoxy silane
(APTES ) in aqueous solution are both auto catalyzed and the hydrolysis completes in a few
minutes [472]. Nevertheless, in the dilute APTES aqueous solution (3% by volume) , the
concentration of reactive silanol groups is still more than 50% even after 80 h of condensation
[472]. Although APTES aqueous solution has been used as “ink” in reactive puCP by using a
wet agarose stamp, it is difficult to fabricate patterns with the small feature size (e.g., less than
20 pum), because of the lateral diffusion of the molecules induced by the wet stamp surface
[469]. In this case we have also stamped the hydroxyl rich surface of silica with a derivative
isothiocyanate silane with methoxy anchor (ITCPTMS) groups which are even more reactive
towards the oxidic surfaces than those silanes with an ethoxy anchor group. However, this
experiment showed that the uCP of the ITC silane was not as accurate to shape and size of the
features as those created by other patterning methods as e.g. Dip Pen Nanolithography,
Polymer blend masking, UV/Os3 direct oxidation of polymers which is in agreement with the
results shown in literature for other alkoxy silanes. Figure 92 shows two AFM topography
images of the isothiocyanate propyl trimethoxy silane printed directly on the silica wafer. A

completely defined lateral resolution cannot be achieved as the silane molecules are able to

move across the water layer on top of the silica creating a smearing of the molecules across
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Figure 92.- AFM topography images of microcontact printed isothiocyanate silane on silica wafer. a) surface
pattern prpared with a line gradient stamp shown in Figure 6 , b) a zoom into the left line in a).
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